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ABSTRACT 
 
Difficulties in achieving control over carrier concentration have impeded progress toward 
tailoring the carrier concentration in semiconducting oxide supports for metal catalysts. Such 
tailoring could make possible the intentional exploitation of the Schwab effect, in which the 
carrier concentration in the semiconducting support affects reaction rate on the supported metal 
catalyst. 
 
An atomic layer deposition synthesis technique developed in the Seebauer lab allows variation of 
thin polycrystalline anatase TiO2 film thickness that provides an unconventional means of 
varying carrier concentration. The film thickness has an inverse relationship with its carrier 
concentration, as an increase in film thickness reduces the concentration of electrically active 
grain boundaries, locations where native donor defects aggregate. These TiO2 films were 
sputtered with small amounts of Pt and ran under a CO oxidation test reaction to demonstrate the 
electronic influence of the TiO2 support on Pt catalytic activity. Over a range of TiO2 film 
thickness corresponding to carrier concentrations that varied by a factor of around 10, the 
reaction rate coefficient kCO in excess CO increased by about 70% while the rate coefficient kO2 
in excess O2 decreased by 30%. This can be rationalized by the extent of electron injection from 
the TiO2 support into Pt. Increased electron injection into Pt, due to increased TiO2 carrier 
concentration, leads to the filling of the anti-bonding (with respect to the Pt-CO bond) 5σ-d* 
states so that Pt-CO binding strength decreases. This leads to a reaction rate increase in excess 
CO and a rate decrease in excess O2 through the influence of the CO adsorption coefficient. A 
'particle model' has been constructed to allow a quantitative estimate of the electronic influence 
iii 
of the TiO2 support on Pt. Photoelectron spectroscopy studies have shown that the valence 
electron distribution of Pt/TiO2 near the Fermi level varies as a function of TiO2 carrier 
concentration changes (due to TiO2 film thickness variation), even as Pt remains constant at its 
Pt0 chemical state. Preliminary investigations using the same Pt/TiO2 catalysts in oxygen 
reduction reaction point to the possible influence of support effect. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 OVERVIEW 
Heterogeneous metal catalysts are widely used to increase the rate and yield of industrially 
important reactions, thereby ensuring maximum efficiency under practically attainable reaction 
conditions [1]. These catalysts are commonly dispersed on various types of supports, including 
various types of metal oxides like zeolites, titanium dioxide (TiO2), aluminium oxide (Al2O3) 
and silicon dioxide (SiO2). The immediate primary intention of such dispersion is to maximise 
the surface area in contact with the reactants so as to derive maximal catalytic activity for the 
same amount of catalyst (by volume or weight). For example, platinum on alumina (Pt/Al2O3) is 
one of the most effective supported heterogeneous metal catalyst for preferential oxidation (PrOx) 
to remove carbon monoxide (CO) from hydrogen (H2) stream after reforming and water-gas-shift 
reactions [1, 2]. 
 
In the initial years of the application of such supported metal catalysts, the support was assumed 
to be inert. However, substantial evidence was found by Schwab and co-workers in the 1960s 
suggesting that the heterogeneous catalyst supports actually exert an electronic influence on the 
supported active catalyst material [3, 4, 5, 6, 7]. Boudart and Mariadassou subsequently termed 
such electronic influence "Schwab effects" and classified them into two types. In the first type, 
the metal support changes the properties of the overlying semiconductor oxide catalyst, while in 
the second type, the semiconductor support affects the supported metal catalyst [5]. In both cases, 
2 
charge transfer occurs between the metal and the semiconductor, leading to a modification of the 
catalyst surface charge density and hence its catalytic activity [3, 4, 5]. Thus, the Schwab effect 
can in principle provide a basis for manipulating activity and selectivity. The Schwab effect is 
purely an electronic effect and does not involve the migration of any species, unlike the strong 
metal support interaction (SMSI) first observed by Tauster and co-workers in the 1970s [8]. 
SMSI is observed when Group VIII noble metals (such as Pt) supported on oxides of niobium, 
vanadium, manganese, cerium or titanium are reduced at temperatures greater than 500 °C. CO 
or H2 adsorption is then suppressed [8, 9, 10, 11], due primarily to the migration of support oxide 
moieties to the metal catalyst surface so that it envelopes the metal and blocks the metal sites for 
catalysis [10].  
 
The first type of Schwab effect was observed in the oxidation of CO over a nickel oxide surface 
supported on silver. The activation energy was found to increase below a critical nickel oxide 
thickness of 500 Å due to the modification of electronic properties of the nickel oxide by the 
underlying silver [3]. More recently, ultrathin iron oxide films grown on platinum support 
exhibited improved CO oxidation rate as compared with Pt or iron oxide alone. The CO 
oxidation is proposed to proceed through a Mars van Krevelen mechanism, where the reaction is 
rate limited by the replenishment of oxygen vacancies in the iron oxide. The rate improvement 
has been attributed to the polaronic distortion of the ultrathin iron oxide films, which allows 
charge accumulation as a result of lattice distortion [12]. 
 
The second type of Schwab effect is more commonly observed as most industrial catalysts are 
metal catalysts supported on metal oxides. For example, ethylene hydrogenation was found to be 
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faster for platinum (Pt) supported on acidic zeolites, as compared to Pt supported on neutral 
zeolites. This is because acidic zeolites polarize the supported Pt particles and caused them to 
become electron deficient. This same system of Pt on acidic zeolites is known to increase the 
toluene hydrogenation rate by up to 6 times compared to Pt on neutral zeolites, and improve the 
resistance to sulfur poisoning when compared to the latter system [5, 6, 13]. The turnover 
frequency of both neopentane hydrogenolysis and aromatic hydrogenation reactions over Pt 
particles on zeolite supports of different acidities can vary up to 5 orders of magnitude, through 
the same means [13]. When Pt is supported on titanium dioxide (TiO2) doped with higher 
valence cations (Ta5+, Sb5+, W6+), there is a corresponding decrease in both the overlying Pt 
metal CO chemisorption capacity [14] and CO oxidation rate by a factor of 3 to 5 [15, 16]. The 
chemisorption capacity was correlated explicitly to the electrical conductivity measured for the 
powdered catalyst, although measurements of both carrier concentration and Fermi energy are 
notoriously unreliable for such measurements due to the Schottky barrier that forms at the 
interface between the oxide and metal electrode [17]. (Carrier concentration is the volumetric 
density of charge carriers (mobile electrons or holes) from (a) electron-hole pair generation when 
T > 0 K intrinsically within the semiconductor, (b) from introducing electrically active impurities 
into the bulk semiconductor in a process known as extrinsic doping, or (c) from electrically 
active defects present within the semiconductor.) No explicit connection was drawn between 
electrical conductivity and CO oxidation rate; rather, the rate was correlated to the concentration 
of doping cation. More recently, Deshlara and co-workers has exploited the Schwab effect of a 
Pt/TiO2 catalytic diode by the application of an external forward (reverse) bias which was found 
to strengthen (weaken) the C-O bond, as shown through the use of multilayer enhanced infrared 
4 
reflection absorption spectroscopy (MEIRAS), and therefore imply a weaker (stronger) Pt-CO 
bond [18]. 
 
The metal oxide supports in the second type of Schwab effect are typically semiconductors, with 
a relatively wide bandgap. It thus offers special possibilities and attractive potential benefits for 
reaction control through manipulating the carrier concentration within the semiconducting oxide 
support. Unfortunately, the reliable control of carrier concentration in metal oxides is challenging 
due to large numbers of charged native defects [19, 20, 21]. Accurate measurement of carrier 
concentration in wide-band gap oxides is also difficult [17].  The conceptual connection between 
support properties and reaction rate has therefore remained only qualitative and descriptive.  
However, with the resurgence of interest in metal oxide doping for applications in nanowire 
devices, gas sensors and photocatalysis [21], and with the development of improved techniques 
for defect engineering [19, 20, 21], it is timely to revisit the Schwab effect.  
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1.2 SELECTION OF CATALYTIC SYSTEM 
Selection of an appropriate catalytic system is important for demonstrating the Schwab effect 
through the control of the support carrier concentration − while excluding the influence of other 
complicating factors. Pt is chosen as the metal catalyst due to its wide use industrially as a 
catalyst for reforming, water-splitting, CO oxidation in car exhaust, preferential oxidation 
reactions to clean CO from hydrogen fuel streams and ammonia oxidation to nitrogen oxide and 
nitric acid [1, 2]. The large literature base for Pt provides an additional incentive for its selection 
as it is a well studied metal catalyst, thereby permitting quantitative rate analysis, avoiding 
complicating extraneous factors, and allowing for appropriate comparisons with related systems. 
 
A key consideration for the successful modification of the catalytic performance through the 
electronic influence of the support would require that the Pt metal be sufficiently thin for metal 
screening effects to be minimized and the support electronic effects to propagate to the Pt metal 
catalyst. In addition, the Fermi level of the Pt should also fall within the bandgap of the metal 
oxide semiconductor support so that the electronic properties of the Pt catalyst may be tuned by 
changing the carrier concentration in the semiconductor support. Controlled changes in the 
carrier concentration would then result in required amounts of electron injection into the Pt 
overlayer, which would further influence the overall catalytic performance of the Pt. For a Pt 
work function of 5.36 eV, zinc oxide (ZnO) and titanium dioxide (TiO2) would suit these 
considerations. TiO2 is selected as the catalyst support due to its widespread use as a support for 
Pt. In particular, Pt is often supported on Degussa P25 supports, which comprises 80% to 90% 
anatase and 10% to 20% rutile [22, 23]. 
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The Seebauer group has developed an atomic layer deposition (ALD) synthesis method for thin 
film TiO2, which is capable of tuning TiO2 carrier concentration through thickness control [17, 24, 
25]. The thin film TiO2 is found to be predominantly polycrystalline anatase and is similar to the 
Degussa P25 support in TiO2 phase composition. 
 
The CO oxidation reaction is chosen as the test reaction as it is extensively studied with a large 
literature base. Models to describe the adsorption of CO on d-transition metals such as Pt have 
been extensively discussed [26, 27, 28]. The most commonly applied models (which this thesis 
adopts) are the Langmuir-Hinshelwood reaction mechanism and the d-band model developed by 
Norskov and co-workers. CO binding energies on Pt and its consequent oxidation reaction are 
also known to be insensitive to surface structure and cluster size [29], allowing us to avoid 
possible problems with differing Pt structures due to unknown externalities. As such, this test 
reaction allows us to leverage on currently understood work and investigate the effect of Fermi 
tuning in the TiO2 support on the overlying Pt catalyst. 
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1.3 THESIS STRUCTURE 
The present work seeks to develop both a qualitative and quantitative description of the second 
type of Schwab effect, using the test case of CO oxidation over Pt supported on polycrystalline 
thin films of anatase TiO2. The anatase is synthesized using an atomic layer deposition (ALD) 
technique that provides a controllable and well-characterized variation of about an order of 
magnitude in the n-type carrier concentration. Chapter 2 discusses the synthesis procedure and 
characterization of anatase possessing different carrier concentrations (or thicknesses). Pt is 
sputtered on these anatase films of different carrier concentrations (or thicknesses) and 
characterized with photoelectron spectroscopy, as detailed in Chapter 3. The electronic effect of 
anatase TiO2 support modifications on the Pt catalysts are then studied by CO oxidation in a 
purpose-developed and -built vacuum batch reactor for thin film catalysts and examined in 
Chapter 4. The d-band model and the particle model are employed to relate the obtained reaction 
rate measurements to changes in TiO2 carrier concentration in Chapter 5. Preliminary work to 
investigate the application of the Schwab effect for the oxygen reduction reaction (ORR) is 
reported in Chapter 6 before the thesis concludes with suggestions on future work in Chapter 7. 
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CHAPTER 2 
TITANIUM DIOXIDE SYNTHESIS AND CHARACTERIZATION 
 
2.1 INTRODUCTION 
Undoped titanium dioxide (TiO2) contain native defects such as oxygen vacancies and titanium 
interstitials in its lattice structure, which contributes to its n-type semiconductor behavior and a 
Fermi level that is close to its conduction band edge [1, 2]. These native defects may vary in 
concentration depending on the synthesis methods and the reaction chemistry, resulting in 
variations in Fermi level and carrier concentration. As the targeted modification of platinum 
catalytic performance is performed through the tuning of the titanium dioxide support, it is 
imperative to have an understanding of the synthesis techniques and the associated chemistry and 
characteristics of the synthesized polycrystalline thin film titanium dioxide. Characterization 
studies of the thin film TiO2 samples showed that they were predominantly anatase phase with a 
(101) surface orientation and possessed an inverse relationship between film thickness and 
carrier concentration or Fermi level. A larger TiO2 grain size, when film thickness increased, 
leads to a reduction in the electrically active grain boundaries in the film bulk. Native donor 
defects, which aggregate preferentially at the grain boundaries, are therefore reduced, as film 
thickness increases [1, 3, 4]. As such, the TiO2 thickness was used to vary the Fermi level of the 
films to then electronically influence the overlying Pt metal catalyst. This is advantageous over 
using extrinsic doping to vary the TiO2 Fermi level because possible problems with extrinsic 
dopant elements segregating to the surface are avoided. When the dopant elements segregate to 
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the surface, they may directly take part in the catalytic reactions and make it difficult to study the 
electronic influence of the TiO2 support on Pt.  
 
2.2 MATERIALS AND METHODS 
2.2.1 THIN FILM TITANIUM DIOXIDE ATOMIC LAYER DEPOSITION (ALD) 
SYNTHESIS 
The thin film polycrystalline TiO2 samples used in this thesis were synthesized by Sellers or 
Barlaz in the University of Illinois - Urbana Champaign (UIUC) with the atomic layer deposition 
(ALD) technique. These TiO2 samples were grown on silicon substrates to different thicknesses 
in low vacuum pressure conditions using procedures described in [1, 3]. ALD was selected as the 
synthesis technique because of enhanced conformal coverage and film quality, indicating a good 
degree of control over the synthesis process. A schematic of the ALD chamber (located in UIUC) 
is shown in Figure 2.1. 
 
2 cm x 2 cm square substrates were cleaved from commercial n-type Si (100) (Sb-doped, 0.008-
0.018 Ω.cm resistivity). Each cleaved substrate was etched with 49% HF (1 min) followed by 
rinsing with deionized water (1 min) to remove native silicon oxides at the TiO2/Si interface. The 
treated substrate was inserted immediately into the vacuum chamber so that contact time with 
ambient air is kept to a minimum and native oxide formation at the TiO2/Si interface is avoided. 
Within the chamber, the samples were mounted onto a resistively heated chuck that is monitored 
by a K-type alumel-chromel thermocouple and maintained at 200 °C throughout the deposition 
process. 
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The precursors were titanium tetra-iso-propoxide (TTIP, Strem Chemicals Inc., 98% 
Ti(OCH(CH3)2)4) and deionized water (no further purification), with 60 sccm nitrogen gas (S J 
Smith, 99.999% N2) as the carrier gas for both. TTIP and deionized water were maintained in 
bubblers at temperatures of 65 °C and 23 °C respectively throughout the experiment. A full ALD 
growth cycle consists of 4 seconds of TTIP pulse, 10 seconds of 60 sccm N2 purge of the vacuum 
chamber, 4 seconds of deionized water pulse and another 10 seconds of 60 sccm N2 purge. Total 
chamber pressure was maintained at 53 Pa during growth. The number of ALD  growth cycles 
(growth rate = 3.7 nm/cycle) was manipulated to grow TiO2 film with thicknesses of between 
100 nm and 250 nm, in steps of about 50 nm. The grown titanium dioxide substrates were further 
cleaved equally into 2 pieces (2 cm x 1 cm), cleaned with acetone and dried with compressed air 
prior to loading them into a tube furnace (quartz Barnstead Thermolyne F79300 equipped with 
an eight-stage Eurotherm 2416 programmable controller) for annealing at 550 °C for 20 minutes 
with a ramp rate of 20 °C/min in ambient atmosphere [1, 3]. The anneal process was carried out 
to improve the crystallinity of the titanium dioxide substrates.  
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Figure 2.1 Schematic of the ALD setup in the Seebauer lab. Adapted from reference [1]. 
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2.2.2 TITANIUM DIOXIDE THICKNESS, X-RAY DIFFRACTION, SCANNING 
ELECTRON MICROSCOPY AND ELECTRICAL CHARACTERIZATION 
The thickness of the ALD-grown thin film TiO2 was measured by Sellers or Barlaz in the 
University of Illinois - Urbana Champaign (UIUC) using a Rudolph Technologies AutoEL III 
single wavelength ellipsometer, which was programmed for a fixed TiO2 refractive index of 
2.458. X-ray diffraction was carried out by Sellers at room temperature with a high resolution 
Philips X'Pert diffractometer (λ = 0.15406 nm), which was operated at 45 kV and 40 mA with a 
Cu Kα1 beam source. Scanning electron microscopy (SEM) was carried out by Sellers using a 
Hitachi model S4800 SEM. 
 
Electrical characterization was carried out by Sellers to determine the n-type carrier 
concentration in TiO2 as detailed in [1, 4]. Briefly, a specially designed Schottky diode structure 
made up of a 200 nm sputtered Al (99.999%) contact to the TiO2 surface and an InGa eutectic 
contact to the Si surface was employed to determine capacitance-voltage (C-V) measurements 
using an Agilent 4155C Semiconductor Parameter Analyzer and Agilent 4284A LCR meter at 1 
MHz for applied biases ranging from -1.2 to 0.2 V. Carrier concentration, Nd, was then 
determined from the C-V measurements using the Mott-Schottky equation [1, 3, 4]. 
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2.2.3 X-Ray And Ultraviolet Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique which probes the first 
10 nm of the surface region. XPS was performed in a VG ESCALAB 250 spectrometer (Thermo 
Electron, Altrincham, U.K.) located at Institute of Chemical and Engineering Sciences (ICES) in 
Singapore, using a non-monochromatized Al Kα X-ray source (1487 eV) at an operating 
chamber pressure below 10-7 Pa. Samples were mounted onto a stainless steel holder with highly 
conductive copper tape. Spectra was recorded in 0.05 eV steps, utilizing a pass energy of 20 eV 
and calibrated to a C 1s binding energy (BE)  of 284.5 eV. 
 
Ultraviolet photoelectron spectroscopy (UPS) was carried out in the same VG ESCALAB 250 
spectrometer (Thermo Electron, Altrincham, U.K.) at an operating chamber pressure of below 
10-7 Pa. Unlike XPS which has a higher energy X-ray source (Al Kα: 1487 eV) and probes core 
level electrons, the excitation source employed in the UPS studies was a lower energy high 
intensity UV lamp, emitting He II at a resonance radiation of 40.8 eV. Hence, the 'probe depth' of 
UPS for each atom is much smaller due to its significantly lower energy and this provides a 
means to investigate the relatively delocalized valence electron region [5]. He II spectra were 
recorded in 0.02 eV steps. 
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2.3  RESULTS AND DISCUSSION 
2.3.1 X-Ray Diffraction, Scanning Electron Microscopy And Electrical Characterization 
Studies 
Figure 2.2 shows the X-ray diffraction (XRD) characterization study carried out by Sellers on a 
100 nm ALD grown thin film TiO2 sample [1]. The XRD results indicate that the ALD grown 
TiO2 was predominantly polycrystalline anatase phase with a (101) surface orientation. SEM 
cross-sectional studies by Sellers [1] showed a coherent and smooth thin film of TiO2 grown atop 
the Si (100) substrate. 
 
The electrical characterization of TiO2 samples of different thicknesses is shown in Figure 2.3. 
The figure shows that the n-type carrier concentration Nd has an inverse correlation with TiO2 
film thickness. A steady decrease in the carrier concentration Nd from roughly 5 x 1017 to 5 x 
1016 cm-3 is observed when the film thickness increased from ~100 to ~250 nm [1, 3, 4]. 
 
The inverse relationship between TiO2 film thickness and carrier concentration was attributed to 
a reduction in the electrically active grain boundaries per unit volume of TiO2, when the 
polycrystalline anatase film thickness increases [1, 3]. Figure 2.4 show increases in XRD peak 
intensity, which typically scales with grain size, when the film thickness increases. As the grain 
sizes increase, the concentration of grain boundaries per unit volume of the TiO2 film decreases. 
These grain boundaries are solid-solid interfaces between any two grains and support native 
donor defects, such as oxygen vacancies (VO) and titanium interstitials (Tii), that aggregate 
preferentially at the grain boundaries due to the lower energies of formation. Therefore, the 
decrease in concentration of grain boundaries per unit volume of the TiO2 film directly 
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influences the concentration of electrically active native donor defects in TiO2, which in turn 
influences the n-type carrier concentration Nd. Thus, an increase in film thickness leads to a 
decrease in the electrically active native donor defects and n-type carrier concentration Nd, as 
observed in Figure 2.3 [1, 3]. 
 
Unlike TiO2 particles, the synthesized thin films have negligible quantities of intragranular and 
intergranular voids, which have been supported by SEM images in [1]. Thus, the voids can be 
ruled out largely as regions where the electrically active donor defects may aggregate. Pt is also 
deposited only on the surface of the TiO2 thin film for reaction study (as discussed in Chapters 3 
and 4), so that any observed changes in reaction rate of Pt/TiO2 is solely due to the intrinsic bulk 
electrical characteristic of TiO2, due to changes in the grain boundaries within TiO2. 
 
The relationship between the carrier concentration Nd and the Fermi level of the titanium dioxide 
semiconductor is given by Equation 2.1. For semiconductor materials at the same temperature, 
all terms in the equation, aside from Nd and EFS, will remain constant, hence pointing to a direct 
positive relation between carrier concentration Nd and Fermi level EFS. The EFS changes by 
around 0.07 eV when the TiO2 carrier concentration varies between 4.5 x 1016 cm-3 and 5.5 x 
1017 cm-3. 
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      Equation 2.1 
Nd is carrier concentration (cm-3), 
Nc is effective density of states (cm-3), 
Ec is the energy level of conduction band minimum (eV), 
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EFS is Fermi energy level of the semiconductor (eV), 
kB is the Boltzmann constant (8.62 x 10-5 eV/K), and 
T is temperature (K) [6]. 
 
As such, TiO2 film thickness can be used to control the TiO2 Fermi level. The use of TiO2 film 
thickness to vary the Fermi level is advantageous when compared with employing extrinsic 
doping to achieve a Fermi level shift. This avoids the problem of extrinsic dopant elements 
segregating to the surface, which could alter the catalytic activity of the Pt/TiO2 catalyst and 
thereby interfere with the study of the influence of support electronic effect on its overlying 
catalyst. 
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Figure 2.2: XRD of 100 nm TiO2, annealed for 20 minutes at 550 °C. Adapted from [1]. 
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Figure 2.3: Anatase film thickness (nm) vs carrier concentration Nd (cm-3). Anatase has been 
annealed for 20 minutes at 550 °C. Adapted from [1]. 
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Figure 2.4: XRD peak intensities of (101), (200), (211) anatase TiO2 (annealed for 20 minutes at 
550 °C) as a function of film thickness. Adapted from [1]. 
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2.3.2 X-RAY AND ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY 
XPS and UPS studies of polycrystalline anatase thin film TiO2 samples were carried out for a set 
of samples grown to 99 nm, 153 nm, 200 nm and 243 nm. The sample thicknesses correspond to 
carrier concentrations Nd of 5.5 x 1017 cm-3, 3.5 x 1017 cm-3, 1.5 x 1017 cm-3 and 4.5 x 1016 cm-3 
respectively from Figure 2.3. 
 
Figures 2.5 and 2.6 show XPS scans of Ti 2p and O 1s respectively.  Ti 2p and O 1s peaks 
remain at similar values despite changes in TiO2 thicknesses (or carrier concentrations), 
suggesting that the chemical states of Ti and O in the TiO2 surface region remain largely constant. 
Binding energies (BE) are about 458.4 eV and 529.6 eV respectively. A comparison of the Ti 
2p3/2 BE peak at 458.4 eV with the reported Ti 2p3/2 BE peak of 458.8 eV in fully oxidized TiO2 
[7] suggests that Ti was not fully oxidized to the +4 state. Instead, some Ti3+ interstitial defects 
are probably present in the lattice structure, which are typical of undoped TiO2. Such defects are 
known to contribute to its n-type properties. In fact, thin film anatase often contain appreciable 
numbers of oxygen vacancies and titanium interstitials that contribute to its n-type 
semiconducting properties [2]. Figure 2.7 shows that the UPS spectra for the samples with 
different TiO2 thicknesses do not exhibit any significant difference in the spectra as the 
'reservoir' of mobile electrons in the bulk TiO2 can sufficiently replenish ejected photo-electrons 
lost within the surface probe depth of TiO2.  
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Figure 2.5: XPS scans of Ti 2p for polycrystalline anatase TiO2 grown to 99 nm, 153 nm, 200 
nm, 243 nm thickness. 
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Figure 2.6: XPS scans of O 1s for polycrystalline anatase TiO2 grown to 99 nm, 153 nm, 200 nm, 
243 nm thickness. 
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Figure 2.7: UPS scans of polycrystalline anatase TiO2 grown to 99 nm, 153 nm, 200 nm, 243 nm 
thickness. 
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2.4  CONCLUSION 
A synthesis method has been developed by the Seebauer group to controllably vary carrier 
concentration in polycrystalline anatase TiO2. This would allow the investigation of the 
electronic effect that the TiO2 support has on the Pt catalyst, since a change in TiO2 carrier 
concentration Nd results in a change in the TiO2 Fermi level EFS in the same direction as shown 
in Equation 2.1. In particular, a positive result would then point to a novel method to controllably 
vary Pt catalyst properties by tuning the TiO2 support electronic properties. XPS studies suggest 
that the chemical state of Ti and O is not influenced by changes in the carrier concentration while 
UPS spectra of TiO2 remain largely constant. 
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CHAPTER 3 
PLATINUM DEPOSITION 
 
3.1 INTRODUCTION 
Platinum is deposited on the ALD-synthesized TiO2 as the next step towards the study of the 
electronic influence of TiO2 on Pt. Numerous methods exist to deposit platinum and they can be 
broadly divided into chemical and physical methods. The former category includes wet 
chemistry methods that require mixing TiO2 with chemical precursors of Pt, followed by heat 
treatment at elevated temperatures in a reducing environment, and other chemical methods such 
as Pt ALD. The latter involves methods like physical sputtering or thermal evaporation in a 
vacuum chamber. 
 
However, chemical methods, which typically include high temperature reduction as a key step, 
may modify TiO2 properties due to the inadvertent reduction of TiO2 and the consequent 
formation of point defects, which would also change TiO2 carrier concentration. Experimental 
changes observed in characterization and reaction studies of Pt/TiO2 (with Pt grown by chemical 
methods) therefore cannot be solely attributed to changes in carrier concentrations brought about 
by manipulating the thickness of TiO2. As such, physical methods of deposition are preferred. 
Specifically, direct current (DC) magnetron sputtering was selected in this study. 
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3.2 MATERIALS AND METHODS 
3.2.1 PLATINUM DEPOSITION AND CALIBRATION 
Platinum deposition on the anatase TiO2 samples was carried out at the Institute of Chemical and 
Engineering Sciences (ICES) in Singapore using a Cressington 208HR high resolution DC 
magnetron sputter loaded with a JEOL Datum Ltd 57 mm diameter platinum sputter target (0.1 
mm thickness, 99.95% purity). The sputter chamber was first purged with argon gas (Soxal, 
99.9995% purity), allowed to be pumped out to base pressure before leaking in argon gas to 
maintain an inert argon atmosphere pressure of 5 Pa during sputtering. The sputter process was 
then carried out at 20 mA DC current. Prior to the Pt sputter deposition, specimens were cleaned 
in sequential ultrasonic baths of acetone and isopropanol. 
 
Pt deposition was carried out on each set of TiO2 samples (a set comprising 4 different TiO2 
thicknesses) in a single run to minimize deposition differences between samples. The set of 4 
samples were placed in a symmetric arrangement on the platform at the same displacement from 
the Pt target to ensure uniformity in deposition. 
 
The sputtering rate was calibrated using the following procedure. Microscopic glass slides 22 
mm x 22 mm in dimension were first weighed using a Sartorius microbalance ME5 (maximum 
load of 5 g with an accuracy of 1 µg) before sputtering over a range of sputter times between 0 
and 70 seconds. The Pt loaded slides were weighed again using the microbalance. In all the 
microbalance weight measurements, readings were taken after 10 seconds when the readings 
have fully stabilized. The calibration chart (Figure 3.1) exhibits a good linearity and has an 
obtained rate of 0.178 ± 0.005 µg/(sec.cm2). Using an approximate bulk Pt density value of 21.45 
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g/cm3 would yield ~0.83 Å/sec. While the actual Pt density is actually smaller for smaller Pt 
particles, so that the Pt deposition rate in terms of Å/sec is actually higher than ~0.83 Å/sec, the 
deposition rate (in terms of thickness) should still be within the same order of magnitude. 
Alternatively, the deposition rate may be expressed as 0.37 monolayer (ML) Pt/s based on a 
Pt(111) packing density of 1.5 x 1015 Pt atoms/cm2 [1]. 
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Figure 3.1: Pt calibration chart for Cressington 208HR using a Sartorius Microbalance ME5. 
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3.2.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) AND ULTRAVIOLET 
PHOTOELECTRON SPECTROSCOPY (UPS) 
As described in section 2.2.3, XPS was run with a VG ESCALAB 250 spectrometer (Thermo 
Electron, Altrincham, U.K.), using a non-monochromatized Al Kα X-ray source (1487 eV) at an 
operating chamber pressure below 10-7 Pa. Samples were mounted onto a stainless steel holder 
with copper tape. Spectra were recorded in 0.05 eV steps utilizing a pass energy of 20 eV. The 
spectra were calibrated to a C 1s binding energy (BE) of 284.5 eV. UPS was carried out in the 
same chamber using a high intensity UV lamp that emits He II at a resonance radiation of 40.8 
eV. He II spectra were recorded in 0.02 eV step size except for pure platinum which was 
recorded at 0.05 eV step size. Each spectrum was referenced to its Fermi edge, which was set at 
0 eV. 
 
3.2.3 TRANSMISSION ELECTRON MICROSCOPY (TEM) 
Pt was sputtered onto Formvar coated TEM copper grids (Electron Microscopy Sciences, 200 
square mesh copper) and imaged in a Tecnai G2 TF20 S-twin (FEI Company) field emission 
transmission electron microscope (TEM) which was operated at 200 kV. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 TRANSMISSION ELECTRON MICROSCOPY (TEM) 
Deposited platinum must be sufficiently thin/small so that the electronic coupling between the 
metal surface and the underlying semiconductor TiO2 support can be measured through 
experimental techniques. Thinner/smaller metal particles show a greater effect from changes in 
the support carrier concentrations (brought about by changes in TiO2 thickness in this study) [2, 
3]. For example, the carrier concentration of a TiO2 support (as reflected in its electrical 
conductivity) strongly affects both H2 and O2 chemisorption on Pt below a metal particle size of 
3 nm, but the electronic influence of the TiO2 support becomes entirely attenuated above 5 nm 
[4].  
 
TEM micrographs of Pt sputtered onto a Formvar coated TEM copper grid for 5 seconds, 
corresponding to 0.890 ± 0.025 µg Pt/cm2 or approximately 1.8 ML Pt, are shown in Figures 3.2 
and 3.3. The figures show a fairly uniform particle size distribution, with an average particle size 
of about 3 nm. A lattice parameter of 0.23 nm is detected, consistent with the (111) spacing of Pt 
[3, 5]. Figure 3.4 shows a TEM-EDX (transmission electron microscopy - energy dispersive x-
ray) scan which confirms the presence of Pt on the Formvar coated TEM copper grid. The results 
point to sputtering as a suitable physical means of depositing Pt particles of an appropriate size 
small/thin enough for the TiO2 support to possibly influence the free Pt metal surface 
electronically. Unfortunately, the Pt particles for a sputtering time of 1 second or approximately 
0.37 ML Pt could not be detected in the TEM images. A separate TEM study of Pt sputtered (for 
5 seconds) (Figure 3.5) onto a Formvar coated TEM copper grid containing immobilized TiO2 
(Degussa P25: >80% anatase) further suggests that the distribution and structure of Pt particles is 
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similar on both Formvar and TiO2. The particles were 3D islands, consistent with experimental 
[6, 7, 8] and theoretical studies [9] of Pt growth on TiO2. Pt particles could not be observed for Pt 
sputtered (for 1 second) (Figure 3.6) onto a Formvar coated TEM copper grid containing 
immobilized TiO2 (Degussa P25: >80% anatase), suggesting that particle size is below the 
detection limit of the TEM.  
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Figure 3.2: TEM micrograph of Pt sputtered on a Formvar coated TEM copper grid. 
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Figure 3.3: TEM micrograph of Pt sputtered on a Formvar coated TEM copper grid (zoomed in). 
5 nm 
0.23 nm 
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Figure 3.4: TEM-EDX of Pt sputtered on Formvar coated TEM copper grid. 
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Figure 3.5: TEM micrograph of Pt sputtered for 5 seconds on a Formvar coated TEM copper grid 
immobilized with TiO2 (Degussa P25, >80% anatase). Presence of TiO2 substrate does not 
appear to affect the uniform distribution of Pt particles. 
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Figure 3.6: TEM micrograph of Pt sputtered for 1 second on a Formvar coated TEM copper grid 
immobilized with TiO2 (Degussa P25, >80% anatase). Pt particles could not be observed, 
suggesting particle size is below the detection limit of the TEM. 
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3.3.2 XPS RESULTS 
Two sets of TiO2 samples (a set comprises thicknesses of 99 nm, 153 nm, 200 nm and 243 nm; 
which corresponds to carrier concentrations Nd of 5.5 x 1017 cm-3, 3.5 x 1017cm-3, 1.5 x 1017 cm-3 
and 4.5 x 1016 cm-3 respectively) were sputtered with Pt for different durations: 1 and 5 seconds. 
Each set is a replica of the other as the TiO2 samples of the same thickness were cleaved from a 
single ALD synthesized sample and annealed under the exact same conditions (20 minutes at 550 
°C with a ramp rate of 20 °C/min in ambient atmosphere). Samples were subsequently examined 
by XPS and UPS. 
 
XPS provides information on the filled core states and thus the chemical state and bonding of the 
elements Pt, Ti and O in the sample. XPS peaks for Pt 4f7/2, Ti 2p3/2 and O 1s were examined for 
both sets and compared with Ti 2p3/2 and O 1s in XPS and UPS scans of TiO2 prior to Pt 
deposition. This is shown in Figures 3.7 to 3.9 and summarized in Table 3.1. 
 
Figures 3.7, 3.8, 3.9 and Table 3.1 shows that the binding energies (BE) for Pt, Ti and O remain 
largely unchanged and do not shift to other oxidative states despite changes in the TiO2 carrier 
concentration. However, small chemical shifts may not be captured due to the detection limits of 
the setup. A monochromatic source available in, e.g., a synchrotron would better detect such 
shifts but is not within the scope of the thesis. The BEs are, however, affected by Pt deposition. 
 
When Pt is sputtered onto the surface (for both 1 and 5 seconds in Figures 3.7 and 3.8), the Ti 
2p3/2 binding energy (BE) rises from 458.4 eV in Pt-free TiO2 to 458.9 eV and 459.1 eV in 1 and 
5 second Pt deposition respectively, both of which are close to the literature BE value of 458.8 
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eV for Ti4+ in fully oxidized TiO2 [10]. The O 1s peak shifts from 529.6 eV in Pt-free TiO2 to 
530.2 eV and 530.4 eV in 1 and 5 second Pt deposition respectively. The higher Pt surface 
coverage therefore increases the difficulty of ejecting Ti and O photoelectrons. The shifts of both 
Ti 2p3/2  and O 1s to higher BEs with increased coverage suggest that a net donation of electrons 
from Ti and O due to charge depletion has likely occurred. 
 
Literature places Pt0, Pt2+, Pt4+ binding energies at 71.2 eV, 72.4 eV, 74.2 eV respectively [10, 
11]. Figure 3.9 shows a reduction in Pt 4f7/2 BE from 71.4 eV to 71.1 eV when Pt sputter 
duration is increased from 1 to 5 seconds, pointing to the Pt0 state in both cases. The higher Pt 
coverage decreases BE by 0.3 eV, consistent with the development of bulk Pt metallic character. 
XPS Peak Ti 2p3/2 O 1s Pt 4f7/2 
Before Pt deposition 458.4 529.6 - 
After Pt deposition (5 sec) 459.1 530.4 71.1 
After Pt deposition (1 sec) 458.9 530.2 71.4 
Literature values 
Ti 2p3/2 in 
TiO2: 
458.8 [10] 
- 
Pt0: 71.2 [10] 
Pt2+: 72.4 [11] 
Pt4+: 74.2 [11] 
 
Table 3.1: Summary of XPS peak binding energy (BE) for TiO2 samples. 
All values are in eV. 
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Figure 3.7: XPS scans of Ti 2p before and after 1 second and 5 seconds Pt sputtering. 
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Figure 3.8: XPS scans of O 1s before and after 1 second and 5 seconds Pt sputtering. 
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Figure 3.9: XPS scans of Pt 4f before and after 1 second and 5 seconds Pt sputtering. 
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3.3.3 UPS RESULTS 
UPS measures the valence electrons emitted from the different samples under excitation from the 
He II resonance radiation at 40.8 eV. These valence electrons are more immediately pertinent to 
catalysis as it is the valence electrons that primarily take part in the reaction. The UPS spectra, 
which depict the concentration of valence electrons (or states) as a function of the binding energy, 
is shown in Figures 3.10 and 3.11 for samples that have been sputtered for 5 seconds and for 1 
second, respectively. In both figures, bulk Pt has been included as a reference. 
 
A large concentration of valence states is present near the Fermi edge (BE = 0 eV) for bulk Pt as 
seen in Figures 3.10 and 3.11. When Pt sputter time increases from 1 second (Figure 3.11) to 5 
seconds (Figure 3.10), the concentration of valence states near the Fermi edge also increases, 
consistent with the development of Pt metallic character as valence electrons become easier to 
eject.  
 
Figure 3.10 shows that the valence electron spectrum near the Fermi edge (BE = 0 eV) remain 
largely similar regardless of the TiO2 carrier concentration. Hence, the spectral shapes are 
independent of TiO2 carrier concentration for 5 seconds of Pt sputtering. On the other hand, a 
distinct change in UPS spectra is obtained as a function of TiO2 carrier concentration when the Pt 
sputter time is reduced to 1 second, as observed in Figure 3.11. The valence states shift broadly 
towards decreasing BE as the carrier concentration goes up (or film thickness decreases). 
 
This can be explained as follows: an increase in TiO2 thickness has been shown to correlate with 
a reduction in TiO2 carrier concentration Nd as observed in Figure 2.3. This reduction would 
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result in a lower TiO2 Fermi level and reduced electron transfer into Pt so that there is an 
increase in energy cost to eject valence electrons in the UPS spectra. Hence, the concentration of 
valence electrons near the Fermi edge decreases. The large deviation in UPS spectra from bulk Pt 
in Figure 3.11 is due to the low Pt loading of ~0.178 ± 0.005 µg/cm2. The concentration of 
electrons near the Fermi edge increases with increased Pt loadings as evident from Figures 3.10 
and 3.11. 
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Figure 3.10: UPS spectra of TiO2 with 5 second Pt sputter. Pt bulk has been included as a 
reference. 
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Figure 3.11: UPS spectra of TiO2 with 1 second Pt sputter. Pt bulk has been included as a 
reference. 
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3.4 CONCLUSION 
XPS and UPS results remain largely unchanged for 5 second Pt sputter despite changes in the 
TiO2 carrier concentration. However, at a shorter 1 second Pt sputter, Pt is sufficiently small/thin 
so that charge distribution between the TiO2 and Pt perturbs the UPS spectra. These 
perturbations signal a possible Schwab effect (of the second type), where the TiO2 support 
electronically influences the overlying Pt metal [12, 13, 14]. XPS peaks of Ti, O and Pt for Pt 
sputtered for 1 second on TiO2 of different carrier concentration remained largely unchanged, 
within the detection limits of the equipment. Pt exists as Pt0 for both 1 and 5 second Pt sputter. 
Since valence electrons near the Fermi edge play an important role in a chemical reaction, it is 
highly plausible that reaction rates would vary as a function of TiO2 carrier concentration (or 
film thickness) for the lower Pt coverage. CO oxidation studies are therefore carried out using 
the set of samples with the lower Pt coverage (1 second Pt sputter) and discussed in Chapter 4. 
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CHAPTER 4 
REACTOR STUDIES 
 
4.1 INTRODUCTION 
The CO oxidation reaction is selected as the probe reaction to investigate the Schwab effect as it 
is widely studied with an abundance of literature. CO oxidation was carried out in a specifically 
designed reactor to elucidate the electronic effects that changes in anatase TiO2 carrier 
concentrations (due to differing TiO2 thicknesses) have on reaction rates over the supported Pt at 
low vacuum pressure conditions in excess CO or O2 regimes. This chapter further describes both 
regimes in terms of Langmuir-Hinshelwood kinetics. 
 
4.2 MATERIALS AND METHODS 
4.2.1 REACTOR SETUP 
Figure 4.1 shows a schematic of the custom-built reactor setup located at the Institute of 
Chemical and Engineering Sciences (ICES) in Singapore, comprising a low vacuum pressure 
batch reactor coupled to a mass spectrometer (MS) sampling module. The mass spectrometer 
(MS) sampling chamber module consists of a Pfeiffer Vacuum PrismaPlusTM quadrupole mass 
spectrometer mounted onto a stainless steel chamber pumped down by a Pfeiffer Vacuum 
HiPaceTM 80 turbo molecular pump (TP) and backed by a Varian TriScroll PTS300 dry scroll 
pump (DSP2). An Alcatel-Adixen ACC2009 combination cold cathode/pirani gauge (CCPG) is 
used to monitor the pressure in the MS chamber. The MS chamber is maintained at a base 
pressure of 10-6 Pa and an operating pressure of 10-4 Pa when gases are sampled from the batch 
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reactor. The MS module is constantly kept under baked conditions of 100 °C (even during 
reaction) to ensure pristine vacuum conditions. 
 
The batch reactor module consists of an MKS 628D Baratron® heated absolute capacitance 
manometer (BCM), a nickel diaphragm leak valve (LV1) connected to a gas manifold to feed the 
reactant gases into the batch reactor, a sapphire diaphragm ultra high vacuum (UHV) leak valve 
(LV2) to leak out gases to the MS sampling chamber, a sample mount connected to both a 
Mastech DC power supply for resistive heating and a type-K chromel-alumel thermocouple 
junction placed on the surface of the thin film catalyst for temperature monitoring. The batch 
reactor module is connected to a Varian TriScroll PTS300 dry scroll pump which is kept in 
constant operation and is capable of pumping down the batch reactor chamber to low vacuum 
pressure (~10-1 Pa regime). The selection of the BCM allows for direct gas pressure 
measurements that are independent of gas type and temperature, thereby allowing for a high 
degree of measurement accuracy when controlling the pressure of Argon, CO and O2 gases into 
the batch reactor. Argon (Soxal, 99.9995% purity), CO (Soxal, >99.5% purity), and O2 (Soxal, 
>99.8% purity) are connected to the gas manifold for feeding into the batch reactor. The sapphire 
leak valve (LV2) has been configured to a specific open setting and was not changed throughout 
the reaction studies. The batch reactor is connected to the MS sampling chamber by a 1/16" 
sampling line. Like the MS chamber, the low pressure vacuum batch reactor was constantly kept 
under baked conditions of 100 °C to ensure water molecules do not adhere to chamber walls, 
which would have adversely affected vacuum conditions. 
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Figure 4.1 Schematic of custom built vacuum batch reactor. 
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4.2.2 OPERATING PROCEDURES 
Each anatase sample, after being sputtered with platinum, was first loaded into the vacuum batch 
reactor chamber and pumped down to remove water vapor and other impurities over a period of 
time (between half a day to a day). For each sample, the exposed surface area after clamping the 
thin films onto the sample mount was 1 cm2. The batch reactor was then isolated from the mass 
spectrometer (MS), dry scroll pump (DSP1) and the gas delivery module by shutting off BV6, 
BV5 and LV1 respectively to create an isolated enclosed chamber. Reactant gases were fed to 
the reactor from the gas manifold. Argon gas (Soxal, 99.9995% purity) is first fed to the chamber 
up to 13.3 Pa to minimize day to day transitions in the base pressure. The gas manifold delivery 
line is first purged by opening and then closing BV4 before feeding argon gas into the gas 
manifold by opening and closing BV3. The required amount of argon gas is then carefully leaked 
into the enclosed chamber using the nickel diaphragm leak valve LV1 before purging the 
remaining argon gas in the manifold by opening and closing BV4. The cycle is repeated to obtain 
the required amounts of CO (Soxal, > 99.5% purity) and O2 (Soxal, > 99.8% purity) into the 
batch reactor. BV6 is then opened to allow the MS module to sample the reactants in the batch 
reactor. 
 
The sample is then heated resistively to 350 °C at a ramp rate of ~ 31 ± 1 °C/sec for all CO 
oxidation reactions, and the reaction product CO2 is monitored with the MS. The temperature of 
350 °C was selected as a good compromise between a minimum temperature of around ~ 340 °C 
necessary for CO oxidation to be detected with the experimental setup and a low enough 
temperature so that the rate is slow enough for the MS to be able to track the reaction. A low 
temperature also avoids reduction at the TiO2 support. 
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Reaction rate for each batch run was obtained by taking the initial rate measurements of the ion 
current for CO2 (m/e = 44) against time. The reaction studies were carried out for a range of 
limiting reactant partial pressures O2 (PO2) from 13 to 133 Pa in excess CO conditions (1200 Pa), 
and CO (PCO) from 13 to 133 Pa in excess O2 conditions (1200 Pa). The initial rates were plotted 
against PO2 in excess CO conditions, and PCO in excess O2 conditions to obtain the reaction order 
of the different Pt/TiO2 catalysts. The reaction rate coefficients for the different Pt/TiO2 catalyst 
in excess CO (or O2) conditions were then compared by using the average reaction order in 
excess CO (or O2).  
 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 CO OXIDATION STUDIES 
The CO oxidation reaction rate coefficients in excess O2 and in excess CO were used to compare 
the performance of Pt/TiO2 catalysts with differing TiO2 carrier concentrations. An example of a 
CO oxidation reaction run tracked by MS is shown in Figure 4.2. O2 (m/e = 32) remained 
relatively constant throughout the reaction run as it is in excess. CO oxidation is detected at 350 
°C, with a CO (m/e = 28) decrease accompanied by a corresponding evolution of CO2 (m/e = 44). 
The reaction rate measurement was obtained by taking the initial rate (gradient at t = 0 sec) for 
CO2. 
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Figure 4.2: MS tracking during CO oxidation of 107 Pa CO in excess O2 for 1 second sputter 
Pt/TiO2 (243 nm thickness). m/e = 28, 32, 44 corresponds to CO, O2, CO2 tracking respectively. 
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CO oxidation reaction studies were carried out for a set of limiting CO partial pressures (PCO) 
ranging from approximately 13 to 133 Pa, in steps of about 13 Pa. The series of CO oxidation 
reaction runs in excess O2 was repeated for Pt/TiO2 catalysts of different TiO2 carrier 
concentrations. Equation 4.1 shows that the reaction order in excess O2 (nO2) can be determined 
from the gradient of the log-log plot of reaction rate against PCO (Figure 4.3). The reaction order 
nO2 for the different Pt/TiO2 catalysts is summarized in Table 4.1 and averages to 1.06 ± 0.14 in 
excess O2 conditions. The reaction rate was then plotted against the partial pressure of CO by 
using the average reaction order of 1.06, i.e., 1.06COP , in Figure 4.5 to determine the rate coefficient 
kO2 for each of the Pt/TiO2 catalyst and is summarized in Table 4.1. 
 
O 2n
O2 CORate k P=  
( ) O2 CO O2log Rate n log P log k= +     Equation 4.1 
 
Similarly, CO oxidation reaction runs were carried out in excess CO, with limiting O2 partial 
pressure (PO2) from approximately 13 to 133 Pa, in steps of about 13 Pa. The series of reaction 
runs in excess CO was then repeated for the Pt/TiO2 catalysts with differing TiO2 carrier 
concentrations. Equation 4.2 shows that the reaction order in excess CO (nCO) can be determined 
from the gradient of the log-log plot of reaction rate against PO2 (Figure 4.4). The reaction order 
nCO for the different Pt/TiO2 catalysts is summarized in Table 4.2 and averages to 0.81 ± 0.10 in 
excess CO conditions. The reaction rate was then plotted against the partial pressure of O2 by 
using the average reaction order of 0.81, i.e., 0.81O2P , in Figure 4.6 to determine the rate coefficient 
kCO for each of the Pt/TiO2 catalyst and is summarized in Table 4.2. 
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CO
2
n
CO ORate k P=      
( )
2CO O CO
log Rate n log P log k= +
    Equation 4.2 
 
In both the excess O2 and the excess CO regime, the variation of the reaction rate coefficient 
with Pt/TiO2 catalysts of differing TiO2 carrier concentration is evident, suggesting that the TiO2 
support carrier concentration does influence the activity of the supported Pt catalysts. 
 
In excess O2, the reaction rate coefficient kO2 decreases by about 30% from 0.0596 to 0.0432 
nA/m2Pa1.06s when the carrier concentration increases from 4.5 × 1016 to 5.5 × 1017 cm-3. In 
contrast, the rate coefficient kCO in excess CO increases by about 70% from 0.0810 to 0.139 
nA/m2Pa0.81s over the same range. The effect of changes in TiO2 support carrier concentration 
(Nd) on the CO oxidation rate coefficients kCO (in excess CO) and kO2 (in excess O2) is shown in 
Figure 4.7. The figure, which plots both kCO and kO2 against Nd, shows that kCO varies positively 
with Nd in excess CO while kO2 varies inversely with Nd in excess O2. 
 
A 30% to 70% change in the rate coefficient is thus observed due to TiO2 carrier concentration 
changes, depending on whether O2 or CO is in excess. This agrees well within the order of 
magnitude when compared with the reduction in CO oxidation rate by a factor of 3 to 5 for 0.5 
wt% Pt/TiO2 catalysts, when 1% dopants (higher valence cations: Ta5+, Sb5+, W6+) were 
introduced into TiO2 [1, 2]. The reduction in CO oxidation rate has been attributed to charge 
injection into Pt [1, 2], although with no independent experimental data to back that assertion. 
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TiO2 
thickness 
(nm) 
Carrier 
concentration 
Nd (cm-3) 
Rate coefficient kO2 
(nA/Pa1.06m2s) 
Reaction order 
nO2 
99 5.5 x 1017 0.0432 ± 0.0005 1.03 ± 0.03 
153 3.5 x 1017 0.0484 ± 0.0007 0.96 ± 0.04 
200 1.5 x 1017 0.0489 ± 0.0007 1.13 ± 0.03 
243 4.5 x 1016 0.0596 ± 0.0010 1.11 ± 0.04 
 
Table 4.1: Summary of reaction rate coefficient kO2 and reaction order for CO oxidation in 
excess O2. kO2 for the different Pt/TiO2 catalysts was obtained by using the average reaction 
order of 1.06 in excess O2 conditions.  
 
TiO2 
thickness 
(nm) 
Carrier 
concentration 
Nd (cm-3) 
Rate coefficient kCO 
(nA/Pa0.81m2s) 
Reaction order 
nCO 
99 5.5 x 1017 0.139 ± 0.003 0.86 ± 0.04 
153 3.5 x 1017 0.113 ± 0.001 0.83 ± 0.03 
200 1.5 x 1017 0.090 ± 0.003 0.76 ± 0.05 
243 4.5 x 1016 0.081 ± 0.003 0.79 ± 0.06 
 
Table 4.2: Summary of reaction rate coefficient kCO and reaction order for CO oxidation in 
excess CO. kCO for the different Pt/TiO2 catalysts was obtained by using the average reaction 
order of 0.81 in excess CO conditions. 
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Figure 4.3: Log-log plot of CO oxidation rate against CO partial pressure (PCO) in excess O2. 
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Figure 4.4: Log-log plot of CO oxidation rate against O2 partial pressure (PO2) in excess CO. 
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Figure 4.5: Plot of CO oxidation rate against CO partial pressure (PCO) in excess O2. PCO has 
been raised to the experimentally determined average reaction order for determining the rate 
coefficients in excess O2 (kO2). 
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Figure 4.6: Plot of CO oxidation rate against O2 partial pressure (PO2) in excess CO. PO2 has been 
raised to the experimentally determined average reaction order for determining the rate 
coefficients in excess CO (kCO). 
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Figure 4.7: Effect of the TiO2 support carrier concentration (Nd) on the CO oxidation rate 
coefficients in the presence of excess CO (kCO), and in the presence of excess O2 (kO2). kCO and 
kO2 are plotted with the log scale. 
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4.3.2 CO OXIDATION MECHANISM 
The CO oxidation kinetics was analyzed with a Langmuir-Hinshelwood (L-H) mechanism. The 
key components of the L-H mechanism are adsorption of reactant species, surface reaction and 
desorption of products. Two L-H mechanisms for CO oxidation on Pt have been proposed 
(scheme A or B) [3, 4, 5], depending on the extent of CO coverage. Scheme A dominates at high 
CO coverage while Scheme B dominates at low CO coverage. 
 
Scheme A (High CO coverage): CO oxidation Langmuir-Hinshelwood mechanism [5] 
(i) CO molecular adsorption: 
(g) vacant COCO →+ θ θ←   (Eqm constant COK ) 
(ii) O2 molecular adsorption: 
2(g) vacant O2O →+ θ θ←  (Eqm constant molecular,O2K ) 
(iii) Surface O2 + CO reaction: 
O2 CO CO2 Oθ + θ → θ + θ  (Rate determining step) 
(iv) Surface O + CO reaction 
O CO CO2 vacantθ + θ → θ + θ  
(v) Product desorption: 
CO2 2(g) vacantCOθ → + θ  
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Scheme B (Low CO coverage): CO oxidation Langmuir-Hinshelwood mechanism [3, 4] 
(vi) CO molecular adsorption: 
(g) vacant COCO →+ θ θ←  (Eqm constant COK ) 
(vii) O2 dissociative adsorption: 
2 vacant OO 2 2→+ θ θ←  (Eqm constant dissociative,O2K ) 
(viii) Surface reaction: 
O CO CO2 vacantθ + θ → θ + θ  (Rate determining step) 
(ix) Product desorption: 
CO2 2(g) vacantCOθ → + θ  
 
In scheme A, CO adsorbs on vacant Pt surface sites and CO gas molecules are at quasi-
equilibrium with the adsorbed CO (step (i)). Similarly, O2 adsorbs molecularly as a precursor [6, 
7, 8] and the adsorbed O2 is at quasi-equilibrium with O2 gas molecules (step (ii)) [5]. The 
adsorbed CO reacts with the adsorbed O2 molecule in the surface reaction in step (iii), which is 
the rate determining step in this scheme. The O adatom will further react with adsorbed CO to 
form CO2 (in step (iv)) in a kinetically insignificant step. CO2 desorption (in step (v)) is also 
kinetically insignificant.  
 
Steps (i) and (ii) of scheme A are at quasi-equilibrium, hence the fractional coverages of CO 
( COθ ) and O2 ( O2θ ) are related to their respective gas partial pressures COP  and O2P  by 
CO CO CO vacantK Pθ = θ  and O2 molecular ,O2 O2 vacantK Pθ = θ , where vacantθ , COK  and 2molecular,OK  refer to the 
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vacant Pt reaction sites, equilibrium constants of CO and O2 molecular adsorption respectively. 
O adsorbate coverage ( Oθ ) is very low so O CO O2 vacant, ,θ < θ θ θ   and CO O2 vacant 1θ + θ + θ ≈ . 
 
The overall rate (from step (iii)) is therefore proportional to the probabilities of CO adsorbed and 
O2 adsorbed Pt sites, represented as fractional coverages of CO ( COθ ) and O2 ( O2θ ) respectively, 
and is expressed as Equation 4.3. 
( )
molecular ,O2 O2 CO CO
O2 CO 2
molecular,O2 O2 CO CO
kK P K P
Rate k
1 K P K P
= θ θ =
+ +
,  Equation 4.3 
where k is the reaction rate coefficient for the rate determining surface reaction.  
 
Hence, when CO dominates the surface coverage and follows scheme A, Equation 4.3 simplifies 
to Equation 4.4. The overall reaction rate is thus inversely related to CO coverage relative to O2 
coverage ( CO
O2
θ
θ
). The rate approaches first order in O2 gas partial pressure. This rate equation 
agrees well with the experimentally determined average value of 0.81 ± 0.10.  As the effective 
rate coefficient kCO is inversely proportional to the CO equilibrium constant KCO, a reduced CO 
adsorption energy therefore increases the reaction rate. 
CO O2Rate k P= ,      Equation 4.4 
where molecular,O2CO
CO CO
kK
k
K P
=
 
 
Under conditions of low CO coverage, scheme B will dominate due to the low coverage of 
adsorbed CO. Similar to scheme A, CO adsorbs on Pt vacant sites and is at quasi-equilibrium 
with CO gas molecules (step (vi)). However, O2 now adsorbs dissociatively to form O adatoms 
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in step (vii) [3, 4, 6]. The O adatoms are assumed to be at quasi-equilibrium with the O2 gas 
molecules. The adsorbed CO and O species react in a rate determining surface reaction to form 
CO2 in step (viii). Like scheme A, CO2 desorption is kinetically insignificant (step (ix)). 
 
As steps (vi) and (vii) are at quasi equilibrium, fractional coverages of CO ( COθ ) and O ( Oθ ) are 
related to their respective gas partial pressures PCO and PO2 by CO CO CO vacantK Pθ = θ  and 
O dissociative,O2 O2 vacantK Pθ = θ , where 2dissociative,OK  refers to the equilibrium constant of O2 
dissociative adsorption. 
 
The overall rate for scheme B (from the rate determining step (vii)) is proportional to the 
probabilities of CO adsorbed and O adsorbed Pt sites on the catalyst surface, represented as 
fractional coverages of CO ( COθ ) and O ( Oθ ) respectively and is expressed as Equation 4.5. 
( )
dissociative,O2 O2 CO CO
O CO 2
dissociative,O2 O2 CO CO
k K P K P
Rate k
1 K P K P
= θ θ =
+ +
,  Equation 4.5 
where k is the reaction rate coefficient for the rate determining surface reaction. 
 
When O dominates the surface coverage over CO, Equation 4.5 simplifies to Equation 4.6. The 
overall reaction rate is directly related to CO coverage relative to O coverage ( CO
O
θ
θ
). The rate 
approaches first order in CO gas partial pressure. This rate equation agrees well with the 
experimentally determined average value of 1.06 ± 0.14. As the effective rate coefficient kO2 is 
proportional to the CO equilibrium constant KCO, an increase in CO adsorption energy therefore 
increases the reaction rate. 
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O2 CORate k P= ,      Equation 4.6 
where COO2
dissociative,O2 O2
kKk
K P
=
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4.4 CONCLUSION 
CO oxidation reaction studies were carried out with Pt/TiO2 catalysts of varying TiO2 carrier 
concentrations. The reaction order with respect to O2 and CO of about 0.81 ± 0.10 and 1.06 ± 
0.14  respectively are close to 1.0, which agrees well with the rate equations derived from the 
Langmuir-Hinshelwood mechanisms (Scheme A and B). The specific mechanism depends on the 
CO coverage. The TiO2 support electronically modulates the overlying Pt metal so that its 
catalytic properties are affected, as observed from the rate coefficient change of 30% to 70% 
depending on the experimental regime (excess CO or O2). The experimentally obtained rate 
coefficient under excess CO conditions (kCO) increases with the TiO2 carrier concentration (Nd) 
while the experimentally obtained rate coefficient under excess O2 conditions (kO2) decreases 
with the TiO2 carrier concentration (Nd). The overall reaction rate increases with an increase in 
CO adsorption energy in excess CO as shown in Equation 4.6. Conversely, Equation 4.4 shows 
that the reaction rate increases with a decrease in CO adsorption energy in excess O2.  The 
electronic effect of the support on the Pt particles and consequently their catalytic CO oxidation 
rate will be further discussed in Chapter 5. 
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CHAPTER 5 
ELECTRONIC INFLUENCE OF THE TITANIUM DIOXIDE 
SUPPORT ON PLATINUM CATALYST FOR CO OXIDATION 
 
5.1 INTRODUCTION  
The electronic influence of the synthesized polycrystalline thin film anatase TiO2 support on the 
catalytic properties of the overlying Pt, in the case of CO oxidation, was investigated and 
described in Chapter 4. The anatase TiO2 support was synthesized to allow for changes in the 
TiO2 film thickness, so that TiO2 carrier concentration could be indirectly controlled through the 
inverse relation between film thickness and carrier concentration, as described in Chapter 2. 
Photoelectron spectroscopy experiments, discussed in Chapter 3, show that the valence electron 
spectra of Pt/TiO2 vary as a function of the changes in the TiO2 carrier concentration even 
though the chemical state of Pt remains Pt0. In the above described studies, anatase TiO2 was 
employed as the catalyst support because of its relevance and widespread industrial use. For 
example, a commonly used TiO2 catalyst support (Degussa P25) known to compose of more than 
80% anatase with the remainder divided between rutile and amorphous TiO2. 
 
In this chapter, the d-band model is used to relate the electronic influence of the TiO2 support on 
CO adsorption, which has been established to have an effect on reaction rate in Chapter 4. A 
'particle' model that follows from this framework, and is further based on charge redistribution, 
Gauss' Law, and Thomas-Fermi screening, is employed to estimate the effect that changes in 
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TiO2 support carrier concentration have on the overlying Pt metal and its CO chemisorption and 
oxidation rate. 
 
5.2 APPLICATION OF THE D-BAND MODEL TO THE PT/TIO2 MODEL CATALYST 
5.2.1 CHARGE REDISTRIBUTION OF PT/TIO2 CATALYSTS 
Figure 5.1 compares the positions of the conduction band minimum (EC), valence band 
maximum (EV) and the Fermi energy (EFS) in anatase TiO2 with the Pt Fermi energy (EF) when 
Pt and TiO2 are not in direct contact. The built-in contact potential Vbi measures the relative 
difference between the work functions of Pt (ΦM) and TiO2 (ΦS) prior to contact and is given by 
Equation 5.1 [1]. Since both ΦM and ΦS are referenced to the vacuum energy (Evacuum), Vbi also 
measures the relative difference between the Pt Fermi energy (EF) and the TiO2 Fermi energy 
(EFS). Figure 5.1 shows that when the TiO2 carrier concentration (Nd) ranges between 4.5 x 1016 
cm-3 and 5.5 x 1017 cm-3, the built in contact potential Vbi varies between 0.898 V and 0.962 V at 
room temperature. 
3
6 2 2
dB
bi M S M s *
e B
N 10k T h
eV ln
e 2 2 m k T
 
 × 
= Φ − Φ = Φ − χ +   pi   
        Equation 5.1 
where Vbi is the built in contact potential (in V), ΦM is the Pt work function (5.36 eV) [2], ΦS is 
the TiO2 work function (in eV), χs is the electron affinity of TiO2 (4.3 eV) [3], Nd is the TiO2 
carrier concentration (in cm-3), kB is the Boltzmann constant (1.38 x 10-23 J/K), h is the Planck's 
constant (6.63 x 10-34 J.s), me* is the approximate effective electron mass (9.11 x 10-31 kg) [4], 
and T is temperature (in K). 
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As TiO2 is an n-type semiconductor with a Fermi level EFS higher than the Pt metal Fermi level 
EF, charge redistribution will occur between Pt and TiO2 until the Fermi levels of both the TiO2 
semiconductor and the Pt metal become equilibrated when Pt is brought in contact with TiO2. 
There is therefore a net transfer of electrons (electron injection) into the metal from the 
semiconductor, as has been discussed extensively in literature [5, 6, 7, 8, 9, 10]. Pertinent studies 
by Ioannides and Verykios have also suggested that an increase in carrier concentration (which 
they measured through electrical conductivity) leads to electron injection into the overlying 
metal [5]. In short, according to Equation 5.2, increasing the carrier concentration Nd in TiO2 
increases its Fermi level EFS, which would then increase electron injection into Pt. 
( )
3
6 2 2
dB
c FS *
e B
N 10k T hE E = ln
e 2 2 m k T
 
 × 
− −   pi   
  Equation 5.2 
where EFS is the TiO2 Fermi energy (eV), Ec is the conduction band minimum of TiO2 (eV), kB is 
the Boltzmann constant (1.38 x 10-23 J/K), e is the electronic charge  (1.6 x 10-19 C), Nd is the 
TiO2 carrier concentration (cm-3), h is the Planck's constant (6.63 x 10-34 J.s), me* is the 
approximate effective electron mass (9.11 x 10-31 kg) [4] and T is temperature (in K). 
 
The interface states at the Pt-TiO2 boundary may in principle lie at energy levels within the band 
gap of TiO2 and have sufficient numbers to absorb the injected electron charge. This effect may 
result in screening of the Pt from the semiconductor TiO2 electron injection. However, TiO2 is a 
polar insulator that exhibits little or no Fermi level pinning at the metal-TiO2 interface, which 
suggests that only minimal screening should be expected [11, 12]. 
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The free metal catalyst particle surface of small metal particles (nanoparticles) is not fully 
screened from variations in electron concentration in the support [13, 14, 15, 16]. The Fermi 
level within the Pt particle (EF) therefore shifts with respect to the metal’s band structure, in 
response to changes in the semiconductor Fermi energy (EFS), and is accompanied by a change in 
the occupation of the metal d-band states available for catalysis. In the present work, we treat the 
Pt particles as large enough to retain the band structure of bulk Pt, but small enough that electron 
injection from the underlying TiO2 raises EF at the free surface with respect to the Pt d-band. 
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Figure 5.1. Position of the Pt Fermi energy (EF) with respect to the anatase TiO2 Fermi energy 
(EFS), and energies of the valence band maximum (EV) and conduction band minimum (EC) at 
room temperature determined using formulas and values from [1, 2, 3, 4]. The built in contact 
potential Vbi and the range of anatase Fermi energy ∆EFs is calculated when TiO2 carrier 
concentration (Nd) varies from 4.5 x 1016 cm-3 to 5.5 x 1017 cm-3. Φm, χs and Eg are the Pt work 
function, the anatase electron affinity and the anatase bandgap respectively. 
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5.2.2 CO CHEMISORPTION D-BAND MODEL 
The d-band model for CO adsorption on metal surfaces proposed by Hammer, Morikawa and 
Norskov [17, 18, 19] provides a framework to relate charge injection into Pt to the CO 
adsorption energy.  This adsorption energy, in turn enters into the rate equations outlined in 
Chapter 4. The framework has been used successfully to qualitatively explain the effects of strain 
[17, 20], particle size [16] and position in the Periodic Table [17, 20] on the adsorption of species 
such as CO. The d-band model is used to analyze the carrier concentration effects of the support 
in this chapter. 
 
A simplified diagram explaining the d-band model for CO adsorption is shown in Figure 5.2. In 
the d-band model, the electronic structure of transition d-metals consists of a broad sp band, 
which is a free electron gas comprising of delocalized s and p states; together with a narrow d-
derived band, comprising of localized d states. CO interaction with the sp band of all transition 
d-metals is similar and lead to a broadening and shifting down of the CO energy states. Further 
interaction between the 'renormalized' CO energy states and the d-band leads to the formation of 
the 5σ-d, 2π-d, 5σ-d* and 2π-d* states, with the first two, and the latter two, being bonding and 
anti-bonding to the metal-CO bond respectively. On the other hand, the 5σ states (i.e., 5σ-d and 
5σ-d*) are bonding with respect to the C-O bond while the 2π states (i.e., 2π-d and 2π-d*) are 
anti-bonding with respect to the C-O bond. The contribution to the CO chemisorption energy due 
to the sp-band (ESP) is similar for all d-band metals but the interaction with the narrow localized 
d-orbitals result in an additive contribution to these ‘renormalized’ CO states. As the total CO 
chemisorption energy (ECO) is the sum of energy contributions from the sp band (ESP) and the 
hybridized d-band interaction with CO orbitals (Ed-hyb), CO chemisorption energy variations 
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among the d-metals is due to differences in Ed-hyb, which result from the varying positions of the 
d-band centre relative to the metal Fermi level [17, 19].  
   
Figures 5.2 and 5.3 show that the Pt-CO interaction results in the filling of 5σ-d, 2π-d and part of 
5σ-d* bands. Figure 5.3 shows that an increase in the metal Fermi level due to net electron 
injection (used interchangeably with electron injection in this thesis) results in an increase in the 
d-band filling f and a consequent shift downward of the d band center εd relative to its Fermi 
energy EF. The 5σ-d* band, which is anti-bonding to the metal-CO bond, consequently becomes 
more filled. Since the bond strength is proportional to net bonding (i.e., total bonding - total anti-
bonding), there is a reduction in CO bond strength, reflected by a decrease in CO binding energy.  
 
From a molecular orbital perspective, Akubuiro and Verykios have explained that a large formal 
negative charge on Pt results from the 5σ coordinate bond formed between the C in CO and the 
Pt atom. Back donation from the Pt d-orbital to the CO 2π orbital takes place to counteract the 
buildup of negative charge and ensure that the bond is stable. However, electron injection into Pt 
would lead to an even larger negative charge on the Pt atom resulting in increased difficulty in 
forming a stable Pt-CO bond and reduced CO binding [10], arriving at the same conclusion 
obtained from the d-band model in the preceding paragraph. 
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Figure 5.2: Simplified diagram of d-transition metal Pt and its interaction with CO adsorbate. f is 
fractional filling of the d-bands, ε2pi and ε5σ are energy positions of renormalized 2π and 5σ 
adsorbate states while εd is the center of the d-band (also the average energy of the metal d-
states). All energy levels are taken with reference to the Fermi level. 
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Figure 5.3: Simplified diagram of d-transition metal Pt and its interaction with CO adsorbate 
showing Pt Fermi energy (EF) increase resulting in d-band fractional filling f increase and anti-
bonding 5σ-d* filled to a larger extent so that net bond strength (sum of bonding and anti-
bonding effects) decreases. Energy positions of renormalized 2π and 5σ adsorbate states (ε2pi and 
ε5σ respectively) and d-band center εd (also the average energy of the metal d-states) are taken 
relative to EF so EF increase is equivalent to a downward shift in εd. 
CO-Pt interaction: 5σ-d and 2π-d are bonding; 5σ-d* and 2π-d* are anti-bonding. 
C-O interaction: 5σ-d and 5σ-d* are bonding; 2π-d and 2π-d* are anti-bonding. 
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The electrical conductivity measurements for the TiO2 doped with higher valence cations have 
led Ioannides and Verykios to suggest that electron injection into the overlying metal (Pt in the 
context of this thesis) result from an increase in TiO2 carrier concentration (indirectly indicated 
by the electrical conductivity measurements) [5]. This has, as earlier discussed, the effect of 
increasing the d-band filling f and a downward shift of the d-band center εd relative to EF, leading 
to a reduction in CO binding energy. Equations 4.6 shows that such CO chemisorption energy 
reduction would lead to a reduction in overall rate when the surface has low CO coverage, as is 
the case in excess O2. Conversely, Equation 4.4 shows that a CO chemisorption energy reduction 
would increase overall rate in excess CO, when the surface has high CO coverage. 
 
The d-band model can be approximated with a quantitative expression for CO adsorption energy 
(ECO) by assuming that a filled bonding 5σ and an empty anti-bonding 2π orbitals are mainly 
responsible for the CO chemisorption on metal surfaces. This assumption works well for metals 
close to the right of the transition metal series, such as Pt and Au [19]. ECO is equal to the sum of 
the energy contributions from the sp-band (ESP) and the hybridized d-band interaction (Ed-hyb) 
with CO orbitals [17, 19] and is represented mathematically in Equation 5.3. The energy 
contribution from the sp-band interaction with CO (ESP) is treated as a constant for all transition 
d-metals, and an estimate of −40 kJ/mol (= −0.41 eV) was used following Phala and van Steen's 
example [15]. 
 
The energy contribution from the d-band interaction with CO (Ed-hyb) varies with different d-
band metals and result in the difference in CO chemisorption among the d-metals. This 
adsorbate-d band energy contribution to CO-metal chemisorption energy (Ed-hyb) can be 
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approximated by Equation 5.4 in a simplified two-level model proposed by Hammer, Morikawa 
and Norskov [19]. The terms in Equation 5.4 can be calculated using the relationships in 
Equations 5.5 to 5.9, together with values of α, β, renormalized energy positions ε2pi and ε5σ 
(0.063 eV-1, 1.5 eV2, +2.5 eV, -7 eV respectively) obtained from reference 6. For Pt(111), εd = 
−2.25 eV and V
 sd
 2 
= 3.90 from reference 7 was used. f = 0.9 for Pt was substituted into Equation 
5.4 to finally obtain a total chemisorption energy of 1.5714 eV, which agrees well with the 
literature values of 1.50 eV [19]. 
 
CO sp d hybE E E −= +       Equation 5.3 
( ) ( )
2 2
d hyb
2 d d 5
V VE 4 S V 2 1 1 S Vpi σ
− pi pi σ σ
pi σ
   
≈ − + − − + +   
ε − ε ε − ε   
f f f f  
        Equation 5.4 
where f is fractional filling of the d-bands, ε2pi and ε5σ are energy positions of renormalized 
adsorbate states taken with reference to Fermi level EF, εd is the average energy of the metal d-
states taken with reference to the Fermi level EF, Sσ and Spi are overlaps between the metal d-
band and adsorbate states 5σ and 2π respectively while Vσ and Vpi are their respective coupling 
matrix elements. 
 
2 2
sdV Vpi ≈ β        Equation 5.5 
S Vpi pi≈ −α        Equation 5.6 
S 1.3
S
σ
pi
≈        Equation 5.7 
( )22 2sdV 1.3 Vσ ≈ β       Equation 5.8 
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S Vσ σ≈ −α        Equation 5.9 
 
Further examination of Equation 5.4 shows that the shift in metal Fermi level relative to the d-
band centre (EF − εd) due to electron injection does not appear explicitly, but enters it implicitly 
through the fractional filling f, so that electron injection leads to an increase in f, accompanied by 
a shift downward of the d band center εd relative to EF.  
 
Figure 5.4 shows the graphical relationship between the d-band fractional filling f and the 
calculated CO adsorption energy (ECO) obtained from Equations 5.3 and 5.4. A linear 
relationship exists between the extent of d-band filling f and CO chemisorption energy ECO; so 
that electron charge injection into Pt increases both (EF − εd) and d-band fractional filling f, with 
a consequent reduction in CO chemisorption energy. A quantitative indicator ∆f0 may be 
employed to better understand the effect of the charge injection into Pt. As the excess injected 
electrons largely fills the d-band, a simplifying assumption where the excess electrons fill the d-
band with negligible contribution to the sp-band was made. The excess d-shell fractional filling 
of a Pt atom at the Pt-TiO2 interface (∆f0) may be approximated by dividing the excess electrons 
injected into each Pt atom at the Pt-TiO2 interface (∆n0) (further discussed in Section 5.3.3) with 
a total of 10 d-electron states available for filling in each Pt atom. By using the approximation, 
the variation in CO adsorption energy (ECO) is found to vary in a range of 0.0019 eV for an order 
of magnitude change in TiO2 carrier concentration from 4.5 x 1016 cm-3 to 5.5 x 1017 cm-3 in 
Figure 5.4.  
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Density functional theory (DFT) studies carried out by G. T. K. Kasun Gunasooriya in the Saeys 
group located at the National University of Singapore (NUS) have confirmed the influence of 
charge transfer (from the TiO2 support to Pt) on the CO binding energy. The DFT calculations 
were performed with a plane-wave basis set (energy cut off at 450 eV) using the revised Perdew-
Burke-Ernzerhof (DFT-revPBE) functional [21, 22] and the projector-augmented wave method 
[23], as implemented in the Vienna ab initio simulation package (VASP) [24, 25]. 
 
The Pt catalyst was modelled as a five-layer p(3×3) Pt(111) slab. The bottom three layers were 
constrained at the optimized bulk position with a lattice constant of 3.976 Å, while the top two 
layers and the adsorbed CO were fully relaxed. Geometries were optimized until the energy 
between consecutive step changes were less than 0.1 kJ/mol. The Brillouin zone was sampled 
with a (3×3×1) Monkhorst-Pack grid together with an inter-slab vacuum spacing of 25 Å for 
adsorption energy convergence to within 5 kJ/mol. Dipole corrections were applied to the 
charged Pt slabs. 
 
Charge injection into Pt was modelled by increasing the total number of electrons in the slab, 
while the Bader charge approach was used to determine the number of electrons on the surface Pt 
atoms [26, 27]. As the standard generalized gradient approximation (GGA) employed in DFT 
overestimates the 3-fold hexagonal close packed (hcp) hollow site [28], calculations were 
performed only for the Pt(111) top sites. The CO binding energy for a 1/9 ML coverage at the 
Pt(111) top site is calculated to be -147 kJ/mol, in close agreement with the experimental value 
of -145 kJ/mol [19]. 
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For a 1/9 CO monolayer (ML) coverage on Pt(111), an increase of 0.04 electrons in the Pt 
surface atoms was calculated to decrease the CO binding energy by about 8 kJ/mol (~ 0.08 eV). 
Changes in CO coverage to 1/3 ML and 1/16 ML (obtained by using a larger p(4×4) Pt(111) 
slab), showed an insignificant change in CO binding energy of less than 1 kJ/mol. The inverse 
relation between charge injection and CO binding energy is in accord with the d-band model, 
wherein electronic charge injection into Pt decreases the CO binding energy. 
 
By approximating a linear correlation for the CO binding energies obtained by DFT, each CO 
binding energy is estimated to change by 2 eV per electron (= 0.08 eV/0.04 electron). As in the 
simplified d-band model, the variation in CO adsorption energy (ECO) due to the change in the 
TiO2 carrier concentration from 4.5 x 1016 cm-3 to 5.5 x 1017 cm-3 can be obtained by multiplying 
the quantitative indicator ∆n0 (= 0.010 as determined from Table 5.3 in Section 5.3.3) with 2 eV 
per electron to yield 0.02 eV. This result differs by about a factor of 10 when compared with the 
0.0019 eV obtained by using the simplified two level d-band model, and is likely due to the 
simplifying assumptions made in the quantitative approximation of the d-band model. 
Nonetheless, the observation of a decrease in CO binding energy with an increase in electrons in 
the Pt surface atoms is in accord with the results obtained in Chapter 4, where a decrease in the 
CO binding energy increases the reaction rate for excess CO and reduces the rate for excess O2.  
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Figure 5.4: Plot showing relationship between estimated CO adsorption energy ECO (more 
negative means more strongly bonded) and degree of d-band fractional filling f based on the 
simplified two level model described in Equations 5.3 and 5.4. The change in ECO due to a 
change in TiO2 carrier concentration has been investigated by means of a quantitative indicator 
∆f0. ∆f0 refers to the excess fractional filling of a Pt atom located at the Pt-TiO2 interface and is 
approximated by dividing ∆n0 (from Section 5.3.3) with a total of 10 d-electron states available 
in each Pt atom.   
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5.2.3 SUMMARY AND DISCUSSION 
The relationship between TiO2 thickness, carrier concentration Nd, Pt d-band filling f, d band 
center εd, CO adsorption energy and reaction rates as well as the direction in which the changes 
propagate has not been laid out explicitly as far as we are aware and is summarized in Figure 5.5. 
The driving force for charge injection depends on the extent of carrier concentration change in 
the support TiO2. In addition, the extent to which electron injection affects d-band filling f 
depends on the Pt d-band density of states. If the electron injection does not result in a significant 
change in Pt d-band filling f (or in other words no significant shift in the d-band center relative to 
the Fermi energy εd), then there would be no change in observed catalyst activity. As such, the 
metal deposited onto the support should be sufficiently thin for the support to electronically 
influence its overlying metal catalyst activity so that the Schwab effect is observable. 
 
Such Schwab transfer effects have been observed computationally and experimentally for metal-
metal systems, which is discussed in the next paragraph, and for metal-semiconductor systems 
that link either CO chemisorption and oxidation rate on the metal catalyst to semiconductor 
support dopant type, or CO chemisorption on the metal to potential bias across Pt/TiO2, as 
discussed in the remainder of this section. 
 
Bader analysis in density functional theory (DFT) studies has been used to explain charge 
transfer in bimetallic core-shell materials, with the higher Fermi energy d-metal donating charge 
to the lower Fermi energy d-metal, so that the d-band of the latter is filled to a larger extent [29]. 
This charge redistribution has been observed in experimental studies of HCOOH decomposition, 
where the reaction rate varies inversely with the work function of the core material in a Pd shell-
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metal core catalyst [30]. Gao and Goodman have compared CO binding energies on Au, Au-Pd 
alloy surface and Pd (pure Au: 40-50 kJ/mol, Au in Au-Pd alloy: 69 kJ/mol, Pd in Au-Pd alloy: 
84 kJ/mol, pure Pd: 150 kJ/mol) and suggested that charge transfer between Au and Pd 
contributed to the change in CO adsorption [31]. 
 
Work by Akubuiro, Ioannides and Verykios has shown that when platinized titania is doped with 
cations of higher valence (Ta5+, Sb5+, W6+), both the chemisorption capacity and the CO 
oxidation rate are reduced while dopants of equal or lower valence (Ge4+, Mg2+,K+) had no effect 
on the chemisorption capacity or the CO oxidation rate [6, 7, 8, 9, 10]. The above mentioned 
studies provide support for the work in this thesis on the electronic influence of the support, 
which relates changes in support carrier concentration to changes in the overall catalytic rate of 
the supported catalysts. However, Akubuiro and co-workers were not able to controllably vary 
support carrier concentrations. This is in contrast to the controlled changes in TiO2 support 
carrier concentration employed in our CO oxidation studies. More recently, Deshlahra and co-
workers have exploited the Schwab electronic transfer effect of a Pt/TiO2 catalytic diode. Using 
multilayer enhanced infrared reflection absorption spectroscopy (MEIRAS), they demonstrated 
that an external forward (reverse) bias strengthens (weakens) the C-O bond, and therefore imply 
a weaker (stronger) Pt-CO bond [32].  
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Figure 5.5: Summary chart of relationship between TiO2 thickness, carrier concentration Nd, Pt 
d-band fractional filling f, d band center εd, CO adsorption energy and reaction rates. 
 
TiO2 thickness ↓ 
TiO2 carrier 
concentration Nd 
↑ 
↑ electron charge 
injection into Pt 
Pt d-band 
fractional filling f 
↑ or d-band 
center εd shift ↓ 
from Fermi level 
CO adsorption 
energy ↓ 
Reaction rate ↓ 
in excess O2 
Reaction rate ↑ 
in excess CO 
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5.3 ELECTRONIC INFLUENCE OF THE TIO2 SUPPORT ON PT USING A 
'PARTICLE MODEL' 
Discussions in the previous section provide a means to estimate the CO adsorption energy on Pt 
due to charge injection from TiO2 into Pt. The present section further applies a combination of 
Gauss' Law, in the form of Poisson's equation within the TiO2, and Thomas-Fermi screening 
within the metal particle to relate the TiO2 carrier concentration to CO adsorption energy and 
consequent changes in the reaction rate. 
 
5.3.1 MODELING THE PT/TIO2 SYSTEM 
Pt has been found to grow in three dimensional (3-D) islands on the TiO2 surface through 
experimental studies using low energy ion scattering (LEIS) [33] and scanning tunneling 
microscopy (STM) [34, 35], and through density functional theory (DFT) simulation studies [36]. 
Pt deposited on anatase (101) with a 0.004 - 0.008 monolayer (ML) coverage was found to have 
cluster heights of ~0.23 - 0.57 nm and widths of ~0.5 - 1.4 nm [35], and thus have height to 
width aspect ratios of 0.46 to 0.41 as the particle increases. Hence, the profile of the Pt particle 
on TiO2 may be approximately described as that of a 'flattened island', or mathematically more 
accurately described as an oblate hemispheroid, where the height of the hemispheroid particle is 
smaller than the circular radius of the interfacial contact area between Pt and TiO2. For 
subsequent calculations, a 3-D Pt particle island that is shaped as an oblate hemispheroid is 
employed as shown in Figure 5.6. The diameter D is approximated to be 3 nm, based on the Pt 
particles in TEM (Chapter 3). Linear extrapolation for a 3 nm particle using the literature 
obtained height to width aspect ratios (0.46 to 0.41 for Pt with 0.5 nm and 1.4 nm widths 
respectively) yields an aspect ratio of 0.32, which translate into ~ 1 nm particle height (= b). 
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Figure 5.6: Sketch of 3-D Pt particle island shaped as an oblate hemispheroid with diameter D 
and height b. 
 
 
5.3.2 SOLUTION OF POISSON’S EQUATION WITHIN TIO2 
The Pt-TiO2 heterojunction is a metal-semiconductor Schottky diode and may be approximated 
by a p+-n junction, with the charge depletion region primarily located within the n-type TiO2 
semiconductor. Poisson's equation is expressed as: 
2 deNV E −∇ = −∇ =
ε
      Equation 5.10 
where V is the potential, E is the electric field, the charge e = 1.6 x 10-19 C, Nd is the TiO2 carrier 
concentration (cm-3), the anatase dielectric constant ε = ε0εr = 2.74 x 10-12 F/cm, with permittivity 
of free space ε0 = 8.85 x 10-14 F/cm and relative dielectric constant of anatase εr = 31 [4]. 
 
Pt b 
a = D/2 
TiO2 
TiO2 surface 
Cross-section 
Pt 
TiO2 
Top-down view 
D/2 
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Poisson's equation can be treated three dimensionally in the hemispherical TiO2 charge depletion 
region [5, 37] as shown in Figure 5.7, where the potential V varies with radius r. Equation 5.10 is 
then expressed as Equation 5.11.  
2 d
2
eN1 d dV
r
r dr dr
− 
=  ε 
     Equation 5.11 
The electric field dVE 0
dr
= − =  at r = W is used as a boundary condition to integrate Equation 
5.11 to get Equation 5.12. 
3 3
d
2
eNdV W rE
dr 3 r
 − −
= − =  
ε  
     Equation 5.12 
Further integration of E would yield the built-in contact potential Vbi between a Pt particle of 
radius D/2 and semiconductor TiO2 with a depletion width W and is shown in Equation 5.13. 
( )
( )22 3d
bi
D / 2eN 3W WV
3 2 D / 2 2
 
= − − 
ε   
   Equation 5.13 
The built in contact potential Vbi in Equation 5.13 can be solved simultaneously with Equation 
5.1 to obtain the depletion width W for a specific TiO2 carrier concentration Nd. Table 5.1 
compares the estimated TiO2 depletion width W for various carrier concentrations of TiO2 using 
this 3-D approach.  
TiO2 film 
thickness (nm) 
TiO2 carrier 
concentration Nd (cm-3) 
Depletion 
depth W (nm) 
243 4.5 x 1016 54.4 
200 1.5 x 1017 37.1 
153 3.5 x 1017 28.3 
99 5.5 x 1017 24.6 
Table 5.1: Estimated TiO2 depletion width W for various TiO2 carrier concentration (or film 
thickness) assuming a hemispherical charge depletion region. 
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However, analysis of the inter-particle distance below, by assuming a homogeneous Pt 
distribution on TiO2, suggests that there is significant overlap in the charge depletion region 
using a 3-D approach. The total volume of Pt deposited in 1 second (0.178 ± 0.005 µg/cm2 TiO2) 
is 8.30 x 10-9 cm3 Pt per cm2 TiO2, obtained by using a Pt density of 21.45 g/cm3. As the volume 
of each Pt particle calculated using the oblate hemispheroid volume formula
22 b D
3 2
pi  
 
 
 and D = 
3 nm, b = 1 nm is 4.71 x 10-21 cm3, the Pt particle density works out to be 1.76 x 1012 Pt particles 
per cm2 TiO2. By further assuming that each particle has a circular influence on the TiO2 surface 
(Figure 5.7), an approximate inter-particle distance of 8.50 nm is found. This is significantly 
smaller than the full depletion width W, regardless of the TiO2 carrier concentration. The 
significant overlap in the charge depletion regions suggests that the charge depletion region 
attributed to each Pt particle may be divided up equally for a uniform Pt distribution on TiO2, as 
shown in Figure 5.8. The Poisson equation may thus be solved in a single dimension (1-D along 
the direction from TiO2 to Pt).  
 
To solve Poisson's equation in 1-D, Equation 5.10 is expressed as Equation 5.14 
2
d
2
eNd V
dz
−
=
ε
       Equation 5.14 
The boundary condition that the electric field dVE 0
dz
= − =  at z = W is employed to integrate 
Equation 5.14 to get Equation 5.15. 
( )deNdVE W z
dz
−
= − = −
ε
     Equation 5.15 
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Equation 5.15 is further integrated to yield the built in contact potential (Vbi) as a function of the 
depletion width W in Equation 5.16, which may be further re-expressed as Equation 5.17 to 
relate the depletion depth W in terms of TiO2 carrier concentration (Nd). Although the built in 
contact potential (Vbi) is shown to depend on TiO2 carrier concentration (Nd) in Equation 5.1, Vbi 
(0.898 V to 0.962 V) is much smaller than Nd (4.5 x 1016 cm-3 to 5.5 x 1017 cm-3). As such, W 
may be treated as a function of only Nd in Equation 5.17.  
2
d
bi
eN WV
2
=
ε
       Equation 5.16 
bi
d
2 VW
eN
ε
=        Equation 5.17 
The total charge per unit TiO2 surface area (Γ/A) transferred into the Pt particles from TiO2 is the 
product of the charge e (= 1.6 x 10-19 C), depletion width W and the TiO2 carrier concentration 
Nd as given by Equation 5.18 [1]. Equation 5.17 is substituted into 5.18 to obtain Equation 5.19, 
which points to a direct relation between Γ/A and dN . Such a relation suggests that increased 
carrier concentration achieved through doping or  defect engineering techniques, such as film 
thickness control, would increase the charge transferred into Pt. The charge per Pt particle (Q) 
may be obtained by dividing Equation 5.19 with the Pt particle density of 1.76 x 1012 Pt particles 
per cm2 of TiO2. Table 5.2 summarizes the estimated TiO2 depletion depth W and the charge Q 
transferred into each Pt particle for the different TiO2 carrier concentrations (Nd) brought about 
by changes in TiO2 film thickness. The charge transferred into each Pt particle has also been 
converted to the equivalent number of electrons transferred and shown in Table 5.2. The excess 
charge distribution within the Pt particle for a Pt-TiO2 heterojunction is discussed in the next 
section. 
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deWNA
Γ
=        Equation 5.18 
bi d2e V NA
Γ
= ε       Equation 5.19 
 
TiO2 
film 
thickness 
(nm) 
TiO2 carrier 
concentration 
Nd (cm-3) 
Depletion 
depth W 
(nm) 
Charge 
transferred into 
each Pt particle 
Q (C) 
Number of 
electrons 
transferred into 
each Pt particle 
243 4.5 x 1016 243* 9.9 x 10-20 0.62 
200 1.5 x 1017 146 2.0 x 10-19 1.24 
153 3.5 x 1017 97 3.1 x 10-19 1.92 
99 5.5 x 1017 77 3.9 x 10-19 2.42 
 
Table 5.2: TiO2 depletion depth W, charge Q and number of electrons transferred into each Pt 
particle for various TiO2 carrier concentration (or film thickness) calculated by using the 1-D 
Poisson equations. 
*Note: Depletion depth W is restricted to the maximum TiO2 film thickness of 243 nm. 
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5.3.3 CHARGE DISTRIBUTION IN PT PARTICLE: THOMAS-FERMI SCREENING 
Since the screening effects at the Pt-TiO2 interface is expected to be small with little or no Fermi 
level pinning at the metal-TiO2 interface [11, 12], the charge Q may be assumed to fully transfer 
into each Pt particle. The Pt particle has a large planar contact area with TiO2, hence charge 
distribution within Pt may be treated to vary primarily only in the z-direction. The amount of 
charge injected into each Pt atom at the same distance z from the Pt-TiO2 interface may therefore 
be assumed to be approximately similar. 
 
For a Pt-TiO2 heterojunction, charges injected into Pt from TiO2 are increasingly screened for Pt 
atoms further away from the Pt-TiO2 interface. The Thomas-Fermi electrostatic screening theory, 
a semi-classical approximation to the Schrödinger equation [38], is adopted to approximately 
simulate the screening effects of Pt. The theory suggests that the screened Coulomb potential V(z) 
of charge q as a function of distance z is given by Equation 5.20 [38]. 
z
effqqV(z) e
z z
−
λ
= =        Equation 5.20 
where 
z
effq q e
−
λ
= , z is distance from point charge, λ is the Thomas-Fermi screening length (for 
Pt, λ = 0.5Å [39]). 
 
This function form differs from qV(z)
z
=  for the traditional form of Coulomb potential expected 
for a point charge. Hence, the effect of screening may be accounted by introducing an 
exponential decay damping factor 
z
e
−
λ
 into the charge transferred, with the decay due to 
screening in the z-direction, as shown in Equation 5.21. 
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( )
z
0q(z) q e
−
λ∆ = ∆       Equation 5.21 
where q(z)∆  is the excess charge received per unit Pt atom and varies with distance z, 0q∆  
refers to excess charge received per unit Pt atom at z = 0, and λ is the Thomas-Fermi screening 
length. 
 
The total injected charge Q into each Pt particle (of height b and diameter D) has to be equal to 
the total excess charge distribution in Pt, which varies as a function of distance z from the 
interface. Integrating Equation 5.21 over the entire volume of the Pt particle will yield Equation 
5.22. 
( )b Avo m 2
0
r
q(z) NQ r dz
M
∆ ρ
= pi∫      Equation 5.22 
where Avogadro's constant NAvo = 6.02 x 1023 mol-1, Pt mass density ρm = 21.45 g.cm-3 = 2.145 x 
107 g.m-3 [40], Pt molar mass Mr = 195.23 g.mol-1 [40], 
 
A relationship between z and r may be obtained by using the equation of an ellipse 
2 2
2 2
z r 1
b a
+ =  
and noting that Da
2
= . Rearranging gives Equation 5.23. 
22 2
2 2
2 2
z D z
r a 1 1
b 4 b
   
= − = −   
   
    Equation 5.23 
 
Equations 5.21 and 5.23 may then be substituted into Equation 5.22 to get Equation 5.24. 
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( )
( )
( )
z
2b 0 Avo m 2
20
r
2 z zb0 Avo m 2
20
r
2 z zb0 Avo m 2
20
r
q e N zQ a 1 dz
M b
q N a 1
e z e dz
M b
q N D 1
e z e dz
4M b
−
λ
− −
λ λ
− −
λ λ
 ∆ ρ  
= pi −  
  
∆ ρ pi
= −
∆ ρ pi
= −
∫
∫
∫
   Equation 5.24 
 
Further integration of Equation 5.24 from z = 0 to z = b will yield Equation 5.25. 
( )
( )
2 b2 3
0 Avo m
2
r
2 b2 3
0 Avo m
2
r
q N a 2 2Q e 1
M b b b
q N D 2 2
e 1
4M b b b
−
λ
−
λ
 ∆ ρ pi λ λ λ 
= + + λ −  
  
 ∆ ρ pi λ λ λ 
= + + λ −  
  
  Equation 5.25 
 
Equation 5.25 can then be rearranged to Equation 5.26 to obtain the excess charge received per 
unit Pt atom at z = 0 ( )0q∆ , which is indicative of the extent of charge injection taking into 
account the size and shape of the Pt particle. 
( ) r0 2 b2 3
Avo m
2
r
2 b2 3
Avo m
2
QM 1q
N a 2 2
e 1
b b b
4QM 1
N D 2 2
e 1
b b b
−
λ
−
λ
∆ =
ρ pi  λ λ λ 
+ + λ −  
  
=
ρ pi  λ λ λ 
+ + λ −  
  
  Equation 5.26 
 
Equation 5.26 is then solved by using the values of Q from Table 5.2, NAvo = 6.02 x 1023 mol-1, 
Mr = 195.23 g.mol-1 [40], ρm = 21.45 g.cm-3 = 2.145 x 107 g.m-3 [40], and the Thomas-Fermi 
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screening length λ = 0.5Å [39]. The number of electrons injected into each Pt atom at z = 0, 0n∆  
may then be obtained simply by division with charge e = 1.6 x 10-19 C; i.e. 00
q
n =
e
∆∆ .  
 
Table 5.3 summarizes the obtained 0q∆  and 0n∆  for the various TiO2 carrier concentrations used 
in this thesis. The excess charge variation ∆q(z) within the Pt particle is plotted as a function of 
distance z from the Pt-TiO2 interface in Figure 5.9. A higher TiO2 carrier concentration increases 
the excess charge transferred per unit Pt atom, which may be treated akin to electron injection 
into Pt, as discussed earlier in Section 5.2. The excess charge appears to have an effect on Pt 
atoms within the first ~ 2.5 Å. As a monolayer (ML) equivalent of Pt is ~ 2.26 Å (obtained by 
using the distance between Pt (111) planes) [33], the excess charge therefore resides largely 
within the first ML at the Pt-TiO2 interface.  Beyond that, the excess charges are significantly 
screened by Pt, regardless of the TiO2 carrier concentrations. Hence, the most actively TiO2 
support-influenced region will be a concentric surface ring on Pt near to the Pt-TiO2 interface. 
The surface area of this region can be obtained by the expression ( )z2
z1
2 r dzpi∫  where z2 and z1 
are the upper and lower limits of integration respectively, and has been solved in Equation 5.27 
by employing Equation 5.23. Therefore, the surface area of the region bounded by the first 2.5 Å 
(using a = D/2 = 1.5 nm, b = 1 nm) is ~31.5 % of the total surface area. 
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2
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z2 r dz 2 a 1 dz 2 ab cos d
b
1 cos 2 sin 22 ab d 2 ab
2 2 2 4
sin cos2 ab ab absin cos
2 2
z z
absin abz 1
b b
−
 
pi = pi − = pi θ θ 
 
 
θ θ θ   
= pi + θ = pi +      
θ θ θ 
= pi + = pi θ + pi θ θ  
  
= pi + pi −  
   
∫ ∫ ∫
∫
 Equation 5.27 
 
The excess charge per unit Pt atom at the Pt-TiO2 interface ( 0q∆ ) is plotted against the square 
root of the TiO2 carrier concentration ( dN ) in Figure 5.10 and is found to be linearly correlated. 
An analysis of Equation 5.26 suggests that for Pt particles of the same size, ∆q0 is directly 
correlated with the charge injected into each Pt particle Q, i.e., 0q Q∆ ∝ , since all other terms 
are independent of the carrier concentration Nd. As the total charge transferred into all the Pt 
particles per unit TiO2 surface area (Γ/A) in Equation 5.19 is directly related to Q by a 
multiplication factor of 1.76 x 1012 Pt particles per cm2 of TiO2, 0q A
Γ∆ ∝ . Γ/A has been earlier 
established to directly relate to dN , therefore 0 dq N∆ ∝ , a result that is in agreement with 
Figure 5.10. 
 
103 
 
TiO2 film 
thickness (nm) 
TiO2 carrier 
concentration Nd (cm-3) 
0q∆  (C per 
Pt atom) 
0
0
q
n =
e
∆∆  
243 4.5 x 1016 5.32 x 10-22 0.003 
200 1.5 x 1017 1.06 x 10-21 0.007 
153 3.5 x 1017 1.64 x 10-21 0.010 
99 5.5 x 1017 2.07 x 10-21 0.013 
 
Table 5.3: Estimated excess charge received per unit Pt atom at z = 0 (∆q0), corresponding to 
various TiO2 carrier concentration (or film thickness). 
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Figure 5.7: Schematic of Pt-TiO2 interface and depletion region in TiO2 using a 3-D 
hemispherical approach. Pt is an oblate hemispheroidal island particle with diameter D and 
height b. Pt particle size is very much smaller than depletion region in TiO2 (D << depletion 
width W). 
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Figure 5.8: Schematic of Pt-TiO2 interface and depletion region in TiO2 using a 1-D approach to 
obtain depletion depth W. The depletion region attributed to each Pt particle is equally divided 
for a uniform Pt distribution. Pt is an oblate hemispheroidal island particle with diameter D and 
height b. 
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Figure 5.9: Excess charge distribution ∆q in Pt particle as a function of distance z from Pt-TiO2 
interface. 
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Figure 5.10: Plot of ∆q0 against √(Nd). ∆q0 refers to excess charges per unit Pt atom at the Pt-
TiO2 interface. Nd refers to TiO2 carrier concentration. 
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5.3.4 INCORPORATING THE D-BAND MODEL 
As discussed in Section 5.2.2, the simplified two level d-band model may be employed to relate 
∆q0 to the change in the CO chemisorption energy (|ECO|). Equation 5.28 shows the relation 
between ECO and f, obtained by differentiating ECO with f from Equations 5.3 and 5.4 and 
substituting relevant values from Section 5.2.2. 
[ ]
COd E 1.9563 eV
d
  
= −f      Equation 5.28 
The fractional filling f may be approximated by dividing the number of electrons (n) in each Pt 
atom with a total of 10 d-electron states that are available for filling, and further converted to 
charge q in Equation 5.29. Equations 5.28 and 5.29 may then be combined to relate ECO and q in 
Equation 5.30. For small 0q∆ , Equation 5.31 applies and allows us to relate 0q∆  with ECO. 
18
n q q
10 10e 1.6 10−
= = =
×
f      Equation 5.29 
where charge e = 1.6 x 10-19 C. 
 
[ ]
CO
18
CO 18
d E
1.9563 eV
qd
1.6 10
d E
1.2227 10 eV / C
d q
−
  
= −
 
 × 
  
= − ×
    Equation 5.30 
 
[ ]
COCO 18
0
18
CO 0
d EE
1.2227 10 eV / C
q d q
E 1.2227 10 q eV
 ∆  
= = − ×
∆
∆ = − × ∆
   Equation 5.31 
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5.3.5 RELATING CO ADSORPTION ENERGY WITH EFFECTIVE RATE 
COEFFICIENTS 
Figure 5.11 shows the effective experimental rate coefficients kCO and kO2 in excess CO and O2 
respectively (from Chapter 4) plotted against the magnitude of the CO chemisorption energy 
(|ECO|), which was obtained from an order of magnitude change in the TiO2 carrier concentration 
using the particle model. A linear correlation between the logarithm of kCO or kO2 and |ECO|, is 
observed and shown in Equations 5.32 and 5.33. An increase in |ECO| leads to a decrease in 
( )COLog k  and an increase in ( )O2Log k . 
( )CO 1
CO
d Log k
127.29 15.57 eV
d E
−
  
= − ±
  
   Equation 5.32 
( )O2 1
CO
d Log k
63.57 16.11 eV
d E
−
  
= ±
  
    Equation 5.33 
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Figure 5.11: Plot of effective rate coefficients kO2 (log scale) and kCO (log scale), in excess O2 
and CO respectively, as a function of the CO chemisorption magnitude (|ECO|) estimated from 
the TiO2 carrier concentration using the particle model. The x-axis at the top shows the dN , 
which has been established to be proportional to |ECO| in Section 5.3.4 and Figure 5.10.  
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5.3.6 APPLICATION OF THE 'PARTICLE MODEL' 
The 'particle' model may be applied to provide an indication of the electronic influence as a 
result of smaller Pt particle size. To compare the different Pt particle sizes, an assumption of 
constant Pt areal density is made. Pt cluster heights and widths of (i) 0.23 nm and 0.5 nm and; (ii) 
0.57 nm and 1.4 nm, based on the range of particle sizes measured in [35], is employed in 
subsequent calculations. 
 
Solution of the Poisson's equation in 3-D hemispherical depletion region yields the following 
depletion widths shown in Table 5.4. The depletion widths in all cases are significantly larger 
than the inter-particle distance of 8.50 nm for the Pt areal density under consideration. Hence, as 
in the earlier discussions, the depletion width is solved with the 1-D Poisson's equation. 
 
In this approach, the depletion width and total charge Q is independent of the particle size and 
remain the same as in Table 5.2. The excess charge received per unit Pt atom at z = 0 ( )0q∆ , 
which is used as an indicator of the extent of charge injection, is calculated and shown in Table 
5.5. Figures 5.12 and 5.13 show the excess charge variation ( )q z∆  within the Pt particle for 
particles with cluster heights and widths of (i) 0.23 nm and 0.5 nm and; (ii) 0.57 nm and 1.4 nm 
respectively. As in Figure 5.9, the excess charge appears to have an effect on Pt atoms within the 
first ~2.5 Å. This region represents the entire surface area of particle (i), and ~54.0% of the total 
surface area of particle (ii) using Equation 5.27. By employing the correlations in Equations 5.31, 
5.32 and 5.33, the change in ( )O2Log k  and ( )COLog k  for excess O2 and CO respectively are 
compared for different Pt particle sizes and shown in Table 5.6. The factor increase in rate 
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coefficients O20
O2
k
k
 
 
 
 and CO0
CO
k
k
 
 
 
 in excess O2 and CO respectively due to charge injection is 
compared in Table 5.7, which shows that the electronic influence a smaller particle size has on 
reaction rate leads to increased rate in excess CO and decreased rate in excess O2. However, the 
rate change due to the electronic influence of the smaller particle size is not as significant when 
compared with the direct electronic effect of changes in the support carrier concentration. ( 0O2k  
and 0COk  are the rate coefficients in the absence of charge injection in excess O2 and CO 
respectively.)  
 
Depletion depth W (nm) 
TiO2 film 
thickness (nm) 
TiO2 carrier 
concentration Nd (cm-3) 
(i) 0.23 nm 
height, 0.5 nm 
width 
(ii) 0.57 nm 
height, 1.4 nm 
width 
243 4.5 x 1016 29.6 41.9 
200 1.5 x 1017 20.1 28.5 
153 3.5 x 1017 15.3 21.7 
99 5.5 x 1017 13.2 18.8 
 
Table 5.4: Estimated TiO2 depletion width W for various TiO2 carrier concentration (or film 
thickness) assuming a hemispherical charge depletion region for smaller Pt particles. 
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0q∆  (C per Pt atom) 0
0
q
n =
e
∆∆  
TiO2 
film 
thickness 
(nm) 
TiO2 carrier 
concentration 
Nd (cm-3) 
 
(i) 0.23 nm 
height, 0.5 
nm width 
 
(ii) 0.57 nm 
height, 1.4 
nm width 
 
(i) 0.23 
nm 
height, 
0.5 nm 
width 
 
 
(ii) 0.57 
nm 
height, 
1.4 nm 
width 
 
243 4.5 x 1016 5.81 x 10-22 5.37 x 10-22 0.004 0.003 
200 1.5 x 1017 1.16 x 10-21 1.07 x 10-21 0.007 0.007 
153 3.5 x 1017 1.79 x 10-21 1.66 x 10-21 0.011 0.010 
99 5.5 x 1017 2.26 x 10-21 2.09 x 10-21 0.014 0.013 
 
Table 5.5: Estimated excess charge received per unit Pt atom at z = 0 (∆q0), corresponding to 
various TiO2 carrier concentration (or film thickness) for smaller Pt particles. 
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TiO2 film thickness (nm) 
 
243 200 153 99 
 
TiO2 carrier concentration 
Nd (cm-3) 
 
4.5 x 1016 1.5 x 1017 3.5 x 1017 5.5 x 1017 
 
(i) 0.23 nm 
height, 0.5 
nm width 
 
-0.045 -0.090 -0.139 -0.176 
 
(ii) 0.57 nm 
height, 1.4 
nm width 
 
-0.042 -0.083 -0.129 -0.162 ( )O2Log k∆  
 
1 nm 
height, 3 
nm width 
 
-0.041 -0.082 -0.127 -0.161 
 
(i) 0.23 nm 
height, 0.5 
nm width 
 
0.090 0.181 0.279 0.352 
 
(ii) 0.57 nm 
height, 1.4 
nm width 
 
0.084 0.167 0.258 0.325 ( )COLog k∆  
 
1 nm 
height, 3 
nm width 
 
0.083 0.165 0.255 0.322 
 
Table 5.6: Estimated change in rate coefficients ∆Log(kO2) in excess O2 and ∆Log(kCO) in excess 
CO for different Pt particle sizes and TiO2 carrier concentrations. 
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TiO2 film thickness (nm) 
 
243 200 153 99 
 
TiO2 carrier concentration 
Nd (cm-3) 
 
4.5 x 1016 1.5 x 1017 3.5 x 1017 5.5 x 1017 
 
(i) 0.23 nm 
height, 0.5 
nm width 
 
0.902 0.813 0.726 0.667 
 
(ii) 0.57 nm 
height, 1.4 
nm width 
 
0.908 0.826 0.743 0.689 ( )0O2 O2k / k  
 
1 nm 
height, 3 
nm width 
 
0.910 0.828 0.746 0.690 
 
(i) 0.23 nm 
height, 0.5 
nm width 
 
1.23 1.52 1.90 2.25 
 
(ii) 0.57 nm 
height, 1.4 
nm width 
 
1.21 1.47 1.81 2.11 ( )0CO COk / k  
 
1 nm 
height, 3 
nm width 
 
1.21 1.46 1.80 2.10 
 
Table 5.7: Estimated reaction rate coefficient change ( )0O2 O2k / k  in excess O2 and ( )0CO COk / k  in 
excess CO for different Pt particle sizes and TiO2 carrier concentrations. 0O2k  and 
0
COk  are the 
rate coefficients in the absence of charge injection in excess O2 and CO respectively. 
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Figure 5.12: Excess charge distribution ∆q in Pt particle as a function of distance z from Pt-TiO2 
interface. Particle height is 0.23 nm and width is 0.5 nm. 
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Figure 5.13: Excess charge distribution ∆q in Pt particle as a function of distance z from Pt-TiO2 
interface. Particle height is 0.57 nm and width is 1.4 nm. 
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5.4 THEORETICAL CONCLUSION 
A framework has been developed to explain the CO oxidation experimental results for TiO2 
support of different carrier concentrations. This framework can qualitatively explain the 
electronic influence of the TiO2 support on the overlying Pt metal, wherein the overall catalyst 
activity increases in excess CO and decreases in excess O2 when the TiO2 carrier concentration 
increases. The mechanism that leads to such an effect is as follows. A decrease in TiO2 film 
thickness is correlated to an increase in TiO2 carrier concentration. This leads to electron charge 
injection into Pt so that the Pt d-band fractional filling increases and the Pt d-band center shifts 
downwards away from the Fermi level, with a consequent reduction in the CO adsorption energy 
as shown by both the density functional theory (DFT) studies by Gunasooriya and the simplified 
two level d-band model by Norskov. The decrease in the magnitude of the CO adsorption energy 
|ECO| decreases the CO adsorption coefficient KCO and increases the reaction rate in excess CO. 
The same decrease in KCO should decrease the reaction rate in excess O2. 
 
A 'particle model' was developed to provide a quantitative estimate of the TiO2 support 
electronic influence on overlying Pt. The total charge transferred from the TiO2 depletion region 
to the Pt particles (Q) is found to be a function of dN . The model further shows a linear 
correlation between the logarithm forms of the experimental rate coefficients kO2 and kCO and 
both |ECO| and dN . 
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CHAPTER 6 
PRELIMINARY RESULTS ON THE ELECTRONIC INFLUENCE 
OF THE TITANIUM DIOXIDE SUPPORT ON PLATINUM FOR 
OXYGEN REDUCTION REACTION 
 
6.1 INTRODUCTION  
The electronic 'Schwab' effect of the TiO2 support on Pt has been discussed in earlier chapters. It 
would be useful to investigate if such support effects are similarly present in a liquid-phase 
reaction − for example, the oxygen reduction reaction (ORR) at the cathodes of the acidic 
proton-exchange fuel cells (PEMFC) or alkaline anion-exchange membrane fuel cells (AEMFC) 
[1, 2, 3]. ORR typically has sluggish kinetics, and to date Pt based catalysts remain the most 
practical and commonly used ORR catalyst despite its cost [2]. Strategies adopted to improve the 
kinetics and/or reduce the catalyst cost include diluting Pt atoms with other metals while 
maintaining the electrocatalytic properties; increasing the specific surface area of Pt; and tuning 
Pt electrocatalytic properties through the electronic influence of its support [4]. Pt metal is also 
typically deposited on a variety of supports [2], such as TiO2 [5, 6] to maximize the specific 
surface area of Pt and therefore improve Pt utility.  
 
The work in this chapter seeks to investigate the effect that changes in TiO2 thickness has on 
liquid-phase ORR activity using the same Pt/anatase system employed in earlier chapters. 
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Alkaline electrolyte was selected in this study because of better catalyst stability [7], and to avoid 
possible problems of TiO2 dissolution. 
 
6.2 MATERIALS AND METHODS 
6.2.1 SAMPLE PREPARATION 
TiO2 thin film samples of different film thicknesses were prepared following procedures 
described in Chapter 2. The TiO2 film thicknesses used are 101 nm, 155 nm, 197 nm and 244 nm 
and cleaved to 5 mm x 5 mm specimens for mounting onto the working electrode. The samples 
were cleaned in sequential ultrasonic baths of acetone and isopropanol before platinum sputter 
deposition, following the procedures described in Chapter 3. Briefly, Pt sputtering was carried 
out in a Cressington 208HR high resolution DC magnetron sputter (Pt sputter target: JEOL 
Datum Ltd 57 mm diameter, 0.1 mm thick, 99.95% purity) in an inert Ar atmosphere of 5 Pa at a 
20 mA DC current for 1 second. 0.178 ± 0.005 µg Pt per cm2 TiO2 or 0.37 monolayer (ML) of Pt 
was deposited. As with the samples used in the CO oxidation studies, the set of four samples was 
sputtered in a single run and placed in a symmetric arrangement on the platform at the same 
displacement from the Pt target to ensure uniformity in deposition. 
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6.2.2 WORKING ELECTRODE PREPARATION 
The Pt/TiO2 specimen is mounted onto the working electrode in a three electrode 
electrochemical cell designed to test the ORR activity. Figure 6.1(a) shows a diagram of the 
working electrode, which is made of a Teflon® exterior and internal stainless steel threading for 
both mounting onto a rotator setup and electrical current pass through. A 5 mm diameter gold 
disc is placed at the base of the electrode to contact with the specimen. 
 
Conductive silver paste was applied to the back of each specimen (i.e., on the surface of the Si), 
carefully pressed against the gold contact and allowed to dry for a day to bond the specimen to 
the gold contact of the working electrode and to improve conductivity across the Si/Au 
heterojunction. Excess silver paste around the edge of the specimen was removed carefully with 
acetone before sealing off the edges of the specimen with nail varnish, which was applied 
through the careful use of a needle syringe so that the varnish does not coat on the active surface 
of the specimen. The nail varnish was then allowed to dry for a day before mounting into the 
three electrode electrochemical cell setup. The fully dried nail varnish would act as an 
impervious barrier between the dried silver paste (at the Si/Au contact junction) and the KOH 
electrolyte so that the silver paste does not influence ORR kinetic measurements. Control tests 
have shown that the fully dried nail varnish is effective in sealing any underlying material in the 
KOH electrolyte.  
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Figure 6.1: Diagram of the working electrode used for ORR electrochemical testing (a) without 
mounted sample, (b) with mounted sample. 
 
Au contact 
Teflon® exterior 
Interior of electrode is made of 
metal threads for mounting onto a 
rotator setup with electrical 
passthroughs for connecting to 
the potentiostat / galvanostat. 
Pt/TiO2/Si thin film edges 
sealed with nail varnish 
Ag paste on 
Au contact 
(a) without mounted sample (b) with mounted sample 
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6.2.3 ORR EXPERIMENTAL SETUP 
The apparatus used in the electrochemical ORR activity measurement is located at the Institute 
of Chemical and Engineering Sciences (ICES) in Singapore and is a three-electrode 
electrochemical cell, shown in Figure 6.2. The working electrode (WE) is mounted onto a rotator 
setup (Pine Instruments, USA) for spinning at rotation speeds of 250, 500, 1000, 2000 and 3000 
rotations per minute (rpm). The rotator setup offers an electrical feed through that allows 
connection to a potentiostat / galvanostat (Autolab PGSTAT302 electrochemical test system 
from Eco Chemie, The Netherlands). Both the auxiliary electrode (AE) and reference electrode 
(RE) are connected to the potentiostat / galvanostat to complete the electrochemical 
measurement system. The AE is a Pt electrode while the RE is a Ag/AgCl electrode with 3.0 M 
KCl electrolyte, encased in a Luggin capillary to allow sampling of the region closest to the 
sample attached at the base of the WE [8]. 
 
0.1 M of the alkaline electrolyte KOH, which was selected to avoid possible problems of TiO2 
dissolution, was obtained by solvating KOH solids with deionized water at room temperature. 
Purified oxygen gas (Soxal, > 99.8% purity) was bubbled into the electrolyte solution through a 
sparge tube with a mass flow controller at 100 sccm. Before each experiment, the oxygen gas 
was bubbled for about 15 minutes to allow the electrolyte to saturate with oxygen gas. 
Experimental measurements were taken at a scan rate at 10 mV/s while the entire setup was 
maintained at 25 oC. Potentials were converted to reversible hydrogen electrode (RHE), which is 
independent of pH values. 
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Figure 6.2: Diagram of the three-electrode electrochemical cell experimental setup, comprising 
of a working electrode (WE) mounted onto a rotator setup, a Pt auxilliary electrode (AE) and a 
reference Ag/AgCl electrode (RE) with an attached Luggin capillary. All electrodes are 
connected to a potentiometer/galvanostat and immersed in a KOH electrolyte, bubbled with 
oxygen gas. 
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6.3 RESULTS AND DISCUSSION 
Figures 6.3(a) to (d) show the activity plots for the Pt/TiO2 catalysts with TiO2 thicknesses of 
101 nm, 155 nm, 197 nm and 244 nm. In all 4 plots, the magnitude of the measured current I 
increases as the rotation speed ω increases from 250 rpm to 3000 rpm. The magnitude of the 
measured current I for each curve increases slowly as the potential (V vs RHE) approaches 0, 
and can be attributed to the low Pt catalyst loading [9], especially when compared with typically 
Pt loadings of 17.0 µg/cm2 deposited by wet chemistry methods [10], or 3 - 5 nm ML Pt films 
synthesized by thermal vacuum deposition or electro-deposition [6, 11]. The slow increase in I 
may also be due to small Pt particles, which are known to exhibit poor ORR activity [12].  
 
ORR performance can be compared between the samples by using the Koutecky-Levich equation 
(Equation 6.1) to deconvolute the kinetic current Ik and diffusion limited current Id from the 
measured current I. Figures 6.4(a) to (d) show Koutecky-Levich plots of I -1 against  ω-0.5 
obtained from Figures 6.3(a) to (d) for V = 0.00 V to 0.40 V (in steps of 0.05 V), a region where 
both diffusion and kinetic currents contribute to the measured current. 
1
1 1 1 1 12
d k kI I I B I
−
− − − − −
= + = ω +    Equation 6.1 
where I is the measured current in mA, Ik is the kinetic current in mA, Id is the diffusion limited 
current in mA, ω is the rotation speed in rpm and B-1 is the gradient of the Koutecky-Levich plot. 
 
The kinetic current Ik, is compared for Pt sputtered for 1 second on TiO2 of different thicknesses 
in Figure 6.5. An estimate of the number of electrons transferred per O2 molecule (n) can be 
obtained from Equation 6.2 and is plotted in Figure 6.6. 
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 
   Equation 6.2 
where F is the Faraday constant in mC/mol, A is the electrode surface area in cm2, CO2 and DO2 
are the concentration and diffusion coefficient of dissolved O2 in 0.1 M KOH at 25°C and 
101.325 kPa respectively (CO2 = 1.2 x 10-6 mol/cm3 [2], DO2 = 1.9 x 10-5 cm2/s [2]), vk is the 
kinematic viscosity of the electrolyte solution (vk = 0.01 cm2/s [13]), and ω is the rotation speed 
in rpm. 
 
Figure 6.6 suggests that the number of electrons transferred per O2 molecule (n) increases when 
TiO2 thickness increases. Using n at V = 0 V as a means of comparison, negligible amounts of 
electrons are transferred for 1 second Pt sputter on TiO2 thicknesses of 101 nm and 155 nm.  Pt 
on TiO2 thicknesses of 197 nm and 244 nm exhibit n = 1.2 and 3.1, which are closer to the 2- and 
4-electron pathways for ORR respectively. As such, the increase in TiO2 thickness (which 
correlates to a decrease in TiO2 carrier concentration Nd) leads to a trend towards the preferred 4-
electron pathway for fuel cell applications. A similar increasing trend towards the 4-electron 
pathway is also observed by Coutanceau and co-workers when Pt loading was increased from 11 
µg/cm2 to 94 µg/cm2 [9]. In their studies, the increase in Pt loading led to an increase in the 
number of electrons transferred (n) from 2.7 to 4.0. Beyond the Pt loading of 94 µg/cm2, n 
remained at 4 electrons per O2 molecule. Changes in TiO2 support thickness therefore appears to 
affect ORR on Pt in a similar manner to Pt loading changes and point to the possible influence of 
the TiO2 support on Pt ORR activity. 
 
The 4-electron ORR pathway is preferred as it converts O2 directly to water. In contrast, O2 is 
converted to water in the 2-electron pathway through a 2-step process with an adsorbed hydrogen 
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peroxide (H2O2) intermediate. The adsorbed hydrogen peroxide (H2O2) intermediate may 
therefore be desorbed in an unwanted side reaction, thereby reducing the overall conversion yield 
of water from O2 [2]. The ORR may comprise a mix of both 2- and 4-electron pathways, 
accounting for the number of electrons transferred per O2 molecule (n) ranging up to a maximum 
of 4. 
 
The variation in the number of electrons transferred per O2 molecule (n) observed in Figure 6.6 
therefore points to a mixture of 2- and 4-electron pathways in different proportions, which makes 
the comparison in the overall kinetic rate unfeasible. As such, the increase in kinetic current Ik 
when the TiO2 thickness increases (Figure 6.5) cannot be compared directly with each other.  
 
There have been experimental studies into modification of TiO2 supports by reduction to sub-
stoichiometric titanium oxide (Ti4O7) and Nb doping. The use of Ti4O7 support showed 
improved corrosion resistance [14]; while Pt supported on Nb-doped TiO2 exhibited increased 
activity in 0.5 M H2SO4 over Pt supported on carbon black due mainly to improved Pt 
nanoparticle dispersion with possible contribution from Pt/Nb-TiO2 interaction [10]. Doping is 
preferred over sub-stoichiometric titanium oxide for enhancing electrical conductivity and 
corrosion stability [5]. As the change in carrier concentration due to TiO2 thickness variation 
(~100 nm to ~250 nm) is far smaller than that typically achieved by doping, further experimental 
work should be carried out using doped TiO2 so that the rate comparisons may be made for the 
same 4-electron pathway.  
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Figure 6.3: Plot of ORR activity as a function of rotating speed ω, in rotations per minute (rpm), 
for (a) Pt/TiO2 (101 nm), (b) Pt/TiO2 (155 nm), (c) Pt/TiO2 (197 nm), (d) Pt/TiO2 (244 nm). 
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(c) Koutecky Levich plot for Pt/TiO2 (197 nm)
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(d) Koutecky Levich plot for Pt/TiO2 (244 nm)
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Figure 6.4: Koutecky-Levich plot for (a) Pt/TiO2 (101 nm), (b) Pt/TiO2 (155 nm), (c) Pt/TiO2 
(197 nm), (d) Pt/TiO2 (244 nm). I refers to current and ω refers to rotation speed in rotations per 
minute (rpm). 
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Figure 6.5: Comparison of the kinetic current magnitude (|Ik|) for 1 second Pt sputter on TiO2 
thin films of different thicknesses. 
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Figure 6.6: Comparison of number of electrons transferred per O2 molecule (n) for 1 second Pt 
sputter on TiO2 thin films of different thicknesses. 
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6.4 CONCLUSION 
The ORR activity on Pt/TiO2 appears to be influenced by TiO2 film thickness, as it trends 
towards the preferred 4-electron pathway in ORR when TiO2 thickness increases. This 
observation points to the possible influence of the TiO2 support on Pt in the ORR. However, the 
electronic effect of the support on rate remains unclear and further experimental work using 
doped TiO2, which would expand the range of carrier concentration accessible, would help 
establish the magnitude and direction of rate change due to the electronic influence of the 
support.  
 
 137 
6.5 REFERENCES 
[1] Y. Luo, J. Guo, C. Wang, D. Chu, "An Acrylate-Polymer-Based Electrolyte Membrane for 
Alkaline Fuel Cell Applications", ChemSusChem, 4, 1557 (2011) 
[2] J. Zhang, "PEM fuel cell electrocatalysts and catalyst layers: fundamentals and applications", 
Springer (2008) 
[3] C. Yang, S. Chiu, S. Kuo, T. Liou, "Fabrication of anion-exchange composite membranes for 
alkaline direct methanol fuel cells", Journal of Power Sources, 199, 37 (2012) 
[4] F. H. B. Lima, J. Zhang, M. H. Shao, K. Sasaki, M. B. Vukmirovic, E. A. Ticianelli, R. R. 
Adzic, "Catalytic Activity - d-band center correlation for the O2 reduction reaction on platinum 
in alkaline solutions", Journal of Physical Chemistry C, 111, 404 (2007) 
[5] Y. Shao, J. Liu, Y. Wang, Y. Lin, "Novel catalyst support materials for PEM fuel cells: 
current status and future prospects", Journal of Materials Chemistry, 19, 46 (2009) 
[6] M. Gustavsson, H. Ekstrom, P. Hanarp, L. Eurenius, G. Lindbergh, E. Olsson, B. Kasemo, 
"Thin film Pt/TiO2 catalysts for the polymer electrolyte fuel cell", Journal of Power Sources, 163, 
671 (2007) 
[7] B. Lin, L. Qiu, J. Lu, F. Yan, "Cross-Linked Alkaline Ionic Liquid-Based Polymer 
Electrolytes for Alkaline Fuel Cell Applications", Chemistry of Materials, 22, 6718 (2010) 
[8] http://www.asdlib.org/onlineArticles/ecourseware/Kelly_Potentiometry/ PDF-14-
EChemCells.pdf 
[9] C. Coutanceau, M. J. Croissant, T. Napporn, C. Lamy, "Electrocatalytic reduction of 
dioxygen at platinum particles dispersed in a polyaniline film", Electrochimica Acta, 46, 579 
(2000) 
 138 
[10] K. Park, K. Seol, "Nb-TiO2 supported Pt cathode catalyst for polymer electrolyte membrane 
fuel cells", Electrochemistry Communications, 9, 2256 (2007) 
[11] C. Chen, F. Pan, "Electrocatalytic activity of Pt nanoparticles deposited on porous TiO2 
supports towards methanol oxidation", Applied Catalysis B: Environmental, 93, 663 (2009) 
[12] H. Ye, J. A. Crooks, R. M. Crooks, "Effect of particle size on the kinetics of the 
electrocatalytic oxygen reduction reaction catalyzed by Pt dendrimer-encapsulated nanoparticles", 
Langmuir, 23, 11901 (2007) 
[13] G. Wu, G. Cui, D. Li, P. Shen, N. Li, "Carbon-supported Co1.67Te2 nanoparticles as 
electrocatalysts for oxygen reduction reaction in alkaline electrolyte", Journal of Materials 
Chemistry, 19, 6581 (2009) 
[14] T., Ioroi, Z. Siroma, N. Fujiwara, S. Yamazaki, K. Yasuda, "Sub-stoichiometric titanium 
oxide-supported platinum electrocatalyst for polymer electrolyte fuel cells", Electrochemistry 
Communications, 7, 183 (2005) 
 
 139 
CHAPTER 7 
CONCLUSIONS AND FUTURE SUGGESTIONS  
 
7.1 THESIS CONCLUSION 
This thesis has established the electronic influence of the semiconductor oxide support on the 
overlying metal catalysts using CO oxidation as a test reaction. This was carried out through the 
use of semiconductor engineering techniques on a TiO2 semiconductor oxide support to modify 
its electronic properties. Specifically, Pt supported on polycrystalline anatase TiO2 
semiconductor oxide was chosen in this thesis. Photoelectron spectroscopy studies have shown 
that the changes in Pt catalyst activity in different reaction regimes (excess CO or O2) was likely 
due to changes in the Pt valence electron concentration near the Fermi level as a result of 
changes in TiO2 carrier concentration. The chemical state of Pt was noted to remain largely 
unchanged despite being deposited on TiO2 of different carrier concentrations. A theoretical 
framework has been developed to understand the mechanism of such support electronic influence 
on CO oxidation. A 'particle' model has also been formulated to allow for an estimate of the 
electronic influence of the support. Preliminary ORR studies comparing Pt supported on TiO2 of 
different film thicknesses point to the possible existence of TiO2 support influence on Pt in liquid 
phase ORR. 
 
The objective of the thesis is to investigate the presence of the Schwab electronic support effect 
and its intentional exploitation. As such, conditions for Pt deposition were kept constant across 
the TiO2 catalyst supports of different carrier concentrations. While the influence of the size and 
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shape of Pt nanoparticles is not within the scope of the thesis, they are interesting questions as 
shapes with more steps and kinks, and smaller particles are known to experience reduced CO 
oxidation rate due mainly to increased strength of the metal-adsorbate bond [1]. In addition, 
support effects are also significant for smaller metal particles, which are more sensitive to any 
charge transfer from the support. There is limited literature available investigating the shape and 
size of Pt for oxygen reduction reaction (ORR) (and none on Pt size and shape for ORR in 
alkaline conditions thus far to our knowledge). The composition of Pt facets appears to be most 
important with adsorption of anions being stronger on Pt(111) than on Pt(100) in acidic 
conditions (e.g. H2SO4) [2]. While increased anion adsorption poisons more sites on Pt(111) than 
on Pt(100) in acidic conditions, the situation may be reversed in alkaline conditions as oxygen 
reduction begins with the anion OH-. In this case, increased adsorption may actually improve the 
reduction rate. 
 
It may also be useful to consider the effect of different reaction conditions, i.e., gas phase and 
liquid phase base conditions, on TiO2. Surface structures of TiO2 are unlikely to change as Pt is 
significantly more active. However, the different environment with different adsorbates on the 
TiO2 surface defect sites may give rise to differing small decreases in the surface conductivity of 
TiO2 [3]. This is unlikely to affect the carrier concentration in the TiO2 thin film though as it is 
primarily due to charged carriers from the electrically active grain boundaries within the bulk. 
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7.2 SUGGESTIONS FOR FUTURE WORK 
7.2.1 ETHYLENE HYDROGENATION 
The establishment of the electronic effects of a tunable semiconductor oxide support provides 
options for further studies into related applications. For example, olefin conversion reactions 
often suffer from CO poisoning [4]. Rioux and co-workers carried out experimental studies into 
ethylene hydrogenation for monodisperse Pt particles supported on silica and showed that the 
presence of CO adversely affects ethylene hydrogenation, as CO competes competitively with 
ethylene for the Pt reaction sites [4]. Pt supported on anatase TiO2 of higher carrier 
concentrations should reduce CO adsorption and improve the ethylene hydrogenation rate. 
However, increased electron richness of Pt has an unknown impact on ethylene adsorption. 
Therefore, reaction rate studies into ethylene hydrogenation employing semiconductor 
engineered TiO2 (used in this thesis) would provide an insight into possible catalyst designs to 
improve ethylene hydrogenation rates. 
 
7.2.2 USE OF OTHER METALS  
The 'Schwab' effect (of the second type), which refers to the electronic influence that the 
semiconductor oxide has on a supported metal, also exists for other metals. However, other 
metals may be electronically influenced to a different extent for the same change in TiO2 carrier 
concentration, due possibly to a combination of different metal work function (leading to a 
different built-in contact potential Vbi) and different metal screening effects. Development of 
such an understanding would help in selecting a suitable metal candidate for optimal 'Schwab' 
effect tweaking so that reaction rate is maximized. Therefore, CO oxidation studies may be 
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carried out for different metals (such as Pd, Rh etc.) supported on TiO2 with different carrier 
concentrations to study the 'Schwab' effect for the various supported metals. 
 
7.2.3 USE OF DOPED TIO2 IN OXYGEN REDUCTION REACTION 
The ORR studies in Chapter 6 point to the possible influence of the support on the Pt activity in 
ORR. Further studies using doped TiO2 would enable access to a wider range of carrier 
concentrations, so that a comparison between kinetic rates for the same electron pathway may be 
made. ORR experimental studies in this thesis employs the rotating disc electrode (RDE), which 
provides an estimate of the electrons transferred based on the Koutecky-Levich equation and a 
guess for the electron pathway. However, a clear understanding of the mechanism may be 
developed using the rotating ring disc electrode (RRDE), if such an equipment is accessible. 
 
7.2.4 USE OF LOWER PT LOADING 
Calculations in Chapter 5 show that the overlap in the TiO2 depletion region attributed to each Pt 
particle is significant. Reduced Pt loading, achieved through either smaller Pt particle size with 
similar Pt areal density or increased distribution of Pt particles on the TiO2 surface, would 
therefore maximize the use of the TiO2 depletion region and enhance charge injection into each 
Pt particle. As discussed in earlier chapters, the Pt particles should be sufficiently small/thin to 
avoid screening of the support effect. The reduced Pt loading should in principle increase rate in 
excess CO and decrease rate in excess O2, as calculations with smaller Pt particles at constant 
areal density in Chapter 5 have shown.  
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Studies by Fischer-Wolfarth and co-workers have recently found that the CO adsorption energy 
decreases with Pd particle size through calorimetric studies and have suggested that this could be 
rationalized by either the downward shift of the d-band due to the strain effect or a reduction in 
electrons in smaller Pd particles for dynamic response [5]. Since Pd is a similar d-band metal to 
Pt, increased charge injection for smaller Pt particle is also likely to result in similar behavior, 
i.e., reduced CO adsorption. 
 
The pulsed laser deposition (PLD) technique provides a suitable means to deposit small Pt 
loadings, with small Pt areal density and particle size. For example, PLD has been found to 
deposit with a nominal thickness of 0.1 nm and particle diameter of 1.3 nm with five laser pulses 
[6]. Even lower Pt loadings can be achieved by reducing the number of laser pulses. 
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